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network topology affects the relative importance of different regulators in polymyxin resistance and show how
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ABSTRACT
STRESS AND SURVIVAL OF ENTEROBACTERIACEAE: STUDIES OF
DEHYDRATION TOLERANCE AND POLYMYXIN RESISTANCE
Annie I. Chen
Mark Goulian
The ability to adapt to diverse stresses is critical for the survival of bacteria in the
environment. Here we address how Enterobacteriaceae adapt to dehydration and
polymyxins. Dehydration is an environmental stress that many bacteria encounter in
their ecological niches. However, the mechanisms involved in surviving dehydration are
not well understood, particularly in Gram-negative bacteria. In Chapter 2 we develop a
dehydration assay and conduct genetic screens to identify genes important for
dehydration survival in Escherichia coli. We identify several key regulators that
contribute to dehydration survival, including the transcriptional regulator DksA and the
general stress response regulator RpoS. In addition to studying dehydration tolerance,
we investigate resistance to polymyxins, which are cationic antimicrobial peptides used
as last-resort antibiotics in Gram-negative bacteria. The polymyxin resistance network
differs in network topology, which refers to how the regulators are connected to and
interact with each other, across several genera of Enterobacteriaceae. These
differences shape how this network can be activated and influence the types of
mutations that give rise to spontaneous polymyxin resistance. In Chapter 3, we
determine how network topology affects the relative importance of different regulators in
polymyxin resistance and show how environmental conditions modulate the activity of a
connector protein in this network. Taken together, these studies contribute to our
understanding of how bacteria sense and respond to environmental stressors.
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CHAPTER 1: Introduction
Bacteria have a remarkable ability to adapt to their environment and can be
found almost everywhere on Earth. To study this phenomenon, we focused on a family
of Gram-negative bacteria called Enterobacteriaceae, which are commonly found in the
gastrointestinal tract of humans, other warm-blooded animals, and reptiles (Leimbach et
al., 2013). While many are commensals, there are also pathogenic strains that cause
intestinal and extraintestinal diseases, including urinary tract infections, meningitis, and
sepsis. Enterobacteriaceae are transmitted from one host to another through the fecaloral route, in which bacteria shed in the feces of one organism are ingested by another.
In the course of being transported between hosts, Enterobacteriaceae may spend a
considerable amount of time in various settings, including soil, plants, and water. These
disparate host and non-host environments can be vastly different in temperature, pH,
presence of host cells or other microbes, and availability of nutrients, oxygen, and water.
Changes in these biotic and abiotic factors present stressors that can threaten bacterial
survival.
This body of work concerns adaptation of Enterobacteriaceae to dehydration and
polymyxins, two stresses that are relevant for public health. The ability to survive
dehydration, a condition of low water activity, is critical for bacteria to persist in ex vivo
environments and also facilitates disease transmission through contaminated food and
other surfaces. On the other hand, polymyxins are cationic antimicrobial peptides that
are produced in nature by some Gram-positive bacteria and are used as last-resort
antibiotics to treat infections caused by multidrug-resistant Gram-negative bacteria.
Polymyxin resistance is therefore important for survival both outside hosts, such as in
soil where polymyxin-producing bacteria are commonly found, as well as within hosts.
1

In order to survive stresses such as those described above, bacteria have
evolved stress response pathways to detect changes in the environment and mount
adaptive responses. These pathways are often comprised of regulatory circuits, which
are networks of genes that interact to coordinate a stress response. Activation of
regulatory circuits is usually controlled by proteins that act as sensors, which detect
certain environmental signals and transmit that information to regulators. These
regulators go on to make changes in gene expression and activate downstream
effectors, which are gene products whose activities promote stress resistance. Decades
of research have led to the identification of regulators and effectors involved in a number
of different stresses. Yet there are still many environmental stresses, including
dehydration, for which we have not identified the regulators or effectors involved in
adaptation. Even for regulatory circuits where the players have been identified, such as
the polymyxin resistance network, there are aspects of these pathways that are poorly
understood. In terms of the polymyxin resistance network, for example, less is known
about how bacteria integrate multiple signals that activate distinct regulators in this
network.
In addition to activation of stress response pathways, bacteria can also adapt to
their environment through mutagenesis. Bacteria have a high degree of genome
plasticity that allows them to alter their genomes through a variety of mechanisms to
increase their fitness (Brunder and Karch, 2000). Antibiotic resistance, for example, has
been shown to be mediated by the acquisition of new genes through horizontal gene
transfer as well as by mutations in existing genes encoding antibiotic targets, genes
involved in antibiotic access to the target, or genes involved in protection against the
drug (Martinez and Baquero, 2000). While these mutations are beneficial in the
presence of antibiotics, some mutations are detrimental in the absence of antibiotics
2

(Melnyk et al., 2015). Understanding the concurrent selective pressures that bacteria
face can help us identify ways to exploit costs to fitness associated with antibiotic
resistance.
Our approaches to studying dehydration tolerance and polymyxin resistance
reflect what is known about these stress responses. Since dehydration is a relatively
understudied stress in Enterobacteriaceae, we focused on the identification of regulators
and effectors in Escherichia coli that contribute to survival to determine mechanisms of
dehydration tolerance. On the other hand, the polymyxin resistance network has been
well characterized, primarily in Salmonella. Curiously, the frequency of spontaneous
polymyxin resistance is much higher in Klebsiella pneumoniae compared to other genera
of Enterobacteriaceae, such as Salmonella and Escherichia, even though the protein
components conferring polymyxin resistance are largely conserved. This phenotypic
difference is likely due to natural variation in the topology of the polymyxin resistance
network, which refers to how the regulators are connected to each other. We therefore
aimed to understand how network topology affects the development of polymyxin
resistance under different environmental conditions in K. pneumoniae and in E. coli.
Altogether, this work seeks to better understand how Enterobacteriaceae survive within
and outside of hosts. These findings may also help identify new ways to prevent disease
transmission and slow the spread of polymyxin resistance. Below, we highlight several
themes related to aspects of stress responses that will be relevant for the experimental
work presented in Chapters 2 and 3.
Global regulation of stress response genes
Bacteria globally regulate transcription of genes through the use of sigma factors,
which are non-catalytic subunits of RNA polymerase that control promoter DNA
3

recognition and transcription initiation (Osterberg et al., 2011). The housekeeping sigma
factor is essential for growth and regulates transcription of the majority of genes. Many
bacteria also encode additional alternative sigma factors that are important for adapting
to particular stresses (Helmann, 2002; Gruber and Gross, 2003). The number of
alternative sigma factors varies greatly across bacteria and may reflect the types of
stresses they encounter in their environments (Osterberg et al., 2011). E. coli has seven
sigma factors: one housekeeping sigma factor (RpoD) and six alternative sigma factors,
RpoS, RpoE, RpoH, RpoN, RpoF, and FecI, which control genes involved in the general
stress response, extracytoplasmic stress, heat shock, nitrogen limitation, flagellar
biosynthesis, and iron limitation, respectively (Ishihama, 2000). Sigma factors compete
for binding to the RNA polymerase catalytic core to regulate transcription of genes in
their regulon (Jishage et al., 2002). Studies in E. coli showed that RpoD has the highest
binding affinity for core RNA polymerase compared to the affinities of the other sigma
factors. Levels of RpoD are also much higher than those of other sigma factors
(Grigorova et al., 2006). This therefore favors transcription from RpoD-regulated genes
and keeps transcription of stress response genes regulated by other sigma factors
relatively low, unless the alternative sigma factors are activated by specific stresses
(Jishage et al., 2002; Laurie et al., 2003).
Sigma factor competition can be globally shifted in favor of the use of alternative
sigma factors by the stringent response, a broadly conserved stress response that
coordinates adaptation to starvation and other conditions (Dalebroux et al., 2010; Boutte
and Crosson, 2013). The stringent response is mediated by the small molecules
guanosine tetraphosphate and guanosine pentaphosphate (collectively referred to as
ppGpp) in coordination with the protein DksA, both of which directly bind to core RNA
polymerase to regulate transcription (Paul et al., 2004; Perederina et al., 2004; Lennon
4

et al., 2012). Activation of the stringent response leads to growth arrest and global
changes in transcription, including upregulation of genes involved in amino acid
biosynthesis and downregulation of rRNA genes (Paul et al., 2005; Haugen et al., 2008;
Potrykus and Cashel, 2008). Downregulation of rRNA genes frees up RNA polymerase
catalytic cores and increases the likelihood of alternative sigma factors binding to core
RNA polymerase (Jishage et al., 2002). In addition to indirectly promoting alternative
sigma factor competition, ppGpp and DksA have also been shown to directly regulate
alternative sigma factors, including RpoS and RpoE (Lange et al., 1995; Brown et al.,
2002; Costanzo et al., 2008; Gopalkrishnan et al., 2014). In Chapter 2, we show that
DksA and RpoS are critical for dehydration survival in E. coli.
Bacteria also directly control the activity of many alternative sigma factors
through antisigma factors, which bind to alternative sigma factors and prevent their
association with core RNA polymerase. For example, the alternative sigma factor RpoE
is kept in an inactive state by its membrane-bound antisigma factor, RseA. In the
presence of extracytoplasmic stress, a proteolytic cascade is induced that leads to RseA
cleavage and release of RpoE, allowing RpoE to activate transcription of its regulon
(Ades, 2008). Activation of the RpoD antisigma factor Rsd, which is partially under
ppGpp control, also favors association of alternative sigma factors with core RNA
polymerase (Jishage and Ishihama, 1998; Piper et al., 2009).
In addition to antisigma factors, bacteria use other mechanisms to regulate the
activity and expression of alternative sigma factors. For example, RpoS levels are low in
exponential phase and increase upon entry to stationary phase (Battesti et al., 2011;
Hengge, 2011). Transcription of rpoS is regulated by several proteins and small
molecules, and translation of rpoS is regulated by small RNAs that are activated by
specific stresses (Mandin and Gottesman, 2010; Mika and Hengge, 2014). In addition,
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RpoS protein levels are kept low in exponential phase through regulated proteolysis via
the adaptor protein RssB, which binds to RpoS and delivers the protein to the ClpXP
protease for degradation (Muffler et al., 1996). Anti-adaptors activated by specific
stresses can prevent proteolytic degradation of RpoS by binding to RssB and blocking
its binding to RpoS. In Chapter 2, we show that several regulators of RpoS also
contribute to dehydration survival, including a small RNA and the protein Crl, which will
be discussed shortly.
RpoS controls the general stress response in E. coli and has been shown to be
important for survival in stationary-phase, osmotic stress, oxidative stress, DNA damage,
and other stresses (Battesti et al., 2011). In addition, activation of RpoS by one stress
has been shown to induce resistance to other stresses, suggesting that there is a core
set of genes that promote cross-resistance (Weber et al., 2005). Given the many
stresses for which RpoS provides protection, it may not be surprising that many genes
(about ten percent of the genes in the E. coli genome) have been identified as members
of the RpoS regulon (Schellhorn et al., 1998; Lacour and Landini, 2004; Patten et al.,
2004; Weber et al., 2005; Hengge, 2011). However, some genes in the RpoS regulon
are only upregulated under certain stress conditions, since they require additional inputs,
which may be small RNAs, proteins, or small molecules. The protein Crl, for example,
promotes RpoS-RNA polymerase holoenzyme formation and has been shown to
promote transcription of a subset of RpoS-dependent genes, including those involved in
biofilm formation (Bougdour et al., 2004; Gaal et al., 2006; Robbe-Saule et al., 2006;
Lelong et al., 2007; Robbe-Saule et al., 2007). While many genes have been identified
as members of the RpoS regulon, determining the specific genes important for
adaptation to particular stresses has remained elusive. Despite many attempts to identify
6

RpoS-dependent genes that mediate dehydration survival in E. coli, we were unable to
determine any downstream effectors (see Chapter 2).
Stress response signaling by two-component systems
To adapt to specific environmental conditions, bacteria commonly use a
regulatory circuit known as a two-component system, which enables bacteria to couple
sensing and signaling to mount adaptive responses to changes in their environment. In
its simplest form, a two-component system consists of a sensor histidine kinase and a
response regulator. Histidine kinases are typically composed of a sensing domain and a
kinase core, and response regulators generally have two domains: a regulatory domain
and an effector domain, which is most commonly a DNA binding domain (Stock et al.,
2000).
Polymyxin resistance in Enterobacteriaceae is mediated by the PhoQ/PhoP and
PmrB/PmrA two-component systems (Guo et al., 1997; Chen and Groisman, 2013). The
sensor kinase PhoQ is activated by low magnesium concentrations and cationic
antimicrobial peptides, and activation of PhoQ leads to autophosphorylation on a
histidine residue (Garcia Vescovi et al., 1996; Bader et al., 2005). The phosphoryl group
is then transferred to an aspartic acid residue in the regulatory domain of the response
regulator PhoP, which leads to dimerization and DNA binding to regulate transcription.
Similarly, the sensor kinase PmrB is activated by ferric iron and mild acidity, and
activation of PmrB leads to phosphorylation of the response regulator PmrA (Wosten et
al., 2000; Perez and Groisman, 2007). Many histidine kinases, including PhoQ and
PmrB, also have phosphatase activity and can dephosphorylate their cognate response
regulators, which is useful for turning off a system (Gao and Stock, 2009). The output of
the system is determined by the level of phosphorylation of the response regulator,
7

which is modulated by environmental signals sensed by the histidine kinase. These
signals may primarily affect the kinase, phosphatase, or both activities of the histidine
kinase (Brandon et al., 2000; Jiang et al., 2000; Timmen et al., 2006; Fleischer et al.,
2007). Identifying the specific molecular signals that activate histidine kinases can be
challenging, and there may be additional signals sensed by PhoQ or PmrB that have not
yet been discovered.
In general, bacteria have evolved to maintain specificity in phosphotransfer
reactions from histidine kinases to their cognate response regulators to prevent
unwanted cross-talk between different two-component systems (Laub and Goulian,
2007). However, there are cases in which signaling between distinct two-component
systems is beneficial for the cell, which is called cross-regulation. In uropathogenic E.
coli, for example, cross-regulation between the PmrB/PmrA and QseC/QseB twocomponent systems has been shown to be important for responding to ferric iron and for
promoting polymyxin resistance (Guckes et al., 2013; Guckes et al., 2017). Furthermore,
cross-regulation between PmrB and QseB is enhanced in the absence of QseC,
suggesting that phosphorylation of QseB by PmrB is regulated by QseC phosphatase
activity.
Cross-regulation can also be mediated by a class of proteins known as
connectors, which are regulated by one two-component system and act on another twocomponent system. These proteins are found in both Gram-positive and Gram-negative
bacteria and have been shown to regulate a large number of cellular processes,
including sporulation, antibiotic resistance, and transition to stationary phase
(Mitrophanov and Groisman, 2008). For example, the connector protein PmrD mediates
cross-regulation between the PhoQ/PhoP and PmrB/PmrA systems. By linking one twocomponent system to another, connector proteins allow bacteria to integrate multiple
8

environmental signals and help regulate the timing of biological processes. Several
mechanisms used by connector proteins have been identified, including inhibiting sensor
kinase autophosphorylation, inhibiting dephosphorylation of response regulators, and
activating a sensor kinase, among others (Wang et al., 1997; Kato and Groisman, 2004;
Eguchi et al., 2007). Indeed, the PhoP-regulated PmrD protein activates PmrA by
inhibiting its dephosphorylation by PmrB.
Natural variation of stress response pathways within and across species
While many stress response systems are well conserved within
Enterobacteriaceae, there is natural variation in the physiological characteristics of
different genera of Enterobacteriaceae that reflect adaptation to their specific niches.
These phenotypic differences can be largely attributed to genome plasticity and are
primarily mediated by horizontal gene transfer, through plasmids, insertion elements and
other mobile genetic elements, and bacteriophages (Brunder and Karch, 2000; Gogarten
et al., 2002; Wiedenbeck and Cohan, 2011). Bacteria have acquired a variety of traits
through horizontal gene transfer, including antibiotic resistance, virulence, and metabolic
properties. For example, Salmonella enterica has several horizontally acquired
pathogenicity islands, or clusters of virulence genes in its genome, that are critical for its
lifestyle as a mammalian pathogen (Groisman and Ochman, 1997; Baumler et al., 1998;
Hensel, 2004; Schmidt and Hensel, 2004). The genes encoded on S. enterica
pathogenicity islands have been shown to contribute to its ability to invade the intestinal
epithelium, replicate within macrophages, and other functions important for virulence. In
contrast to S. enterica, which is most commonly found in association with animal hosts,
the related Klebsiella pneumoniae is much more ubiquitous in the environment and has
been found in association with soil, plants, surface waters, and a variety of mucosal
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surfaces in diverse animals (Brown and Seidler, 1973; Bagley, 1985; Martin and
Bachman, 2018). The K. pneumoniae genome also contains a large number of antibiotic
resistance genes, and K. pneumoniae seems to readily acquire new antimicrobial
resistance genes from the environment, which may have contributed to the emergence
and dissemination of many multidrug-resistant strains across the world (Podschun and
Ullmann, 1998; Holt et al., 2015; Wyres and Holt, 2018).
In addition to genomic diversity, evolution of protein functions or regulatory
circuits also contributes to natural variation of stress response pathways across species.
For example, while the histidine kinase PhoQ has been shown to be directly activated by
mild acidity in Salmonella, activation of the E. coli PhoQ protein by low pH occurs
indirectly through the connector protein SafA, which is regulated by another twocomponent system (Eguchi et al., 2007; Prost et al., 2007; Eguchi et al., 2012; Choi and
Groisman, 2016). Furthermore, there are differences between the PhoP regulons in
Salmonella and in E. coli, with several genes in the Salmonella PhoP regulon that are
not regulated by the E. coli PhoP and genes in the E. coli PhoP regulon that are not
regulated by the Salmonella PhoP (Monsieurs et al., 2005). Many genes in the
Salmonella PhoP regulon were horizontally acquired and are important for virulence,
which may suggest that Salmonella evolved to couple the sensing of low pH in host
macrophages with the induction of virulence genes (Will et al., 2014; Choi and
Groisman, 2016).
Aside from different regulons, bacteria have also evolved divergent regulatory
architectures that control conserved genes. For example, the network topology of the
polymyxin resistance network varies across Enterobacteriaceae. In Salmonella,
activation of the PmrB/PmrA system by PhoQ/PhoP is mediated by the connector
protein PmrD (Kato and Groisman, 2004). In addition, the Salmonella PmrA protein
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negatively regulates transcription of the gene pmrD, creating a feedback loop (Kato et
al., 2003). In K. pneumoniae, PmrD has also been shown to act as a connector, but
there are several differences in network topology compared to that of Salmonella
(Mitrophanov et al., 2008; Cheng et al., 2010). The Klebsiella PhoP protein can directly
regulate a PmrA-regulated operon that mediates polymyxin resistance. In addition, the
Klebsiella PmrA protein has not been shown to regulate transcription of the pmrD gene.
In contrast to what has been observed in Salmonella and in Klebsiella, the PmrD protein
in E. coli is widely thought to be unable to function as a connector (Winfield and
Groisman, 2004). This raises the question of why E. coli has a PmrD homolog. In
Chapter 3, we address this question and also investigate how network topology affects
the importance of PmrD as a connector in polymyxin resistance.
There is also considerable genomic and phenotypic diversity within individual
species. In E. coli, there are five major phylogenetic groups, and these groups have
different distributions in humans, domesticated animals, and wild animals, which
suggests that they represent distinct ecological niches (Leimbach et al., 2013). Many E.
coli strains have genes that are only found in a subset of isolates. Indeed, the E. coli
core genome, which consists of genes that are present in all E. coli isolates, contains
~2000 genes, whereas the pangenome, which includes the core genome and additional
genes found only in a subset of isolates, has been estimated to include at least 13,000
genes (Rasko et al., 2008; Gordienko et al., 2013). In comparison to commensal strains,
many pathogenic strains of E. coli contain additional virulence factors that contribute to
their lifestyle, including bacteriocins, toxins, and extracellular polysaccharides (Schmidt
and Hensel, 2004). In addition to differences in gene content, there are also examples of
divergent evolution of proteins across E. coli isolates. For example, a previous report
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showed that there is variation in the connector activity of the PmrD protein across E. coli
isolates (Winfield and Groisman, 2004).
Effects of mutagenesis on fitness
Mutations play a critical role in adaptation to environmental stresses, most
notably in antibiotic resistance and evasion of the host immune system (Weigel et al.,
1998; Musher et al., 2002; Deitsch et al., 2009; Zdziarski et al., 2010; Lieberman et al.,
2011; Miskinyte et al., 2013). In fact, for every antibiotic that has been introduced to
bacteria, resistance has emerged through chromosomal mutations or the acquisition of
antibiotic resistance genes. However, in the absence of antibiotics, antibiotic resistance
has been associated with costs to fitness under certain environmental conditions, as
measured by reduction in growth rate, transmission rate, or virulence (Melnyk et al.,
2015; Durao et al., 2018).
Determining fitness costs can help identify ways to treat infections caused by
antibiotic-resistant organisms. Notably, fitness costs associated with polymyxin
resistance in K. pneumoniae have not been determined (Cannatelli et al., 2015). There
was one report suggesting that polymyxin resistance was associated with reduced
capsule production and reduced serum resistance in a highly invasive,
hypermucoviscous K. pneumoniae strain (Choi and Ko, 2015). However, this fitness cost
may be specific to hypervirulent strains of K. pneumoniae.
It has been suggested that bacteria need to balance their energetic needs
between stress resistance and growth (Ferenci, 2005). Indeed, a trade-off between
stress resistance and nutritional capability, which refers to the ability to use a broad
range of substrates, has been observed in several settings. For example, E. coli strains
with mutations that lowered their outer membrane permeability were more resistant to
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antibiotics but could not use as many substrates for growth compared to strains with
higher outer membrane permeability (Piddock and Wise, 1986; Zhang and Ferenci,
1999; De et al., 2001; Phan and Ferenci, 2017). Another example can be found in the
relationship between RpoS activity and nutritional capability. Many E. coli isolates harbor
mutations in the rpoS gene that result in different levels of RpoS protein (King et al.,
2004; Dong et al., 2009; Chiang et al., 2011). Furthermore, E. coli isolates with higher
levels of RpoS showed increased resistance to multiple stresses but could not use as
many substrates for growth compared to isolates with lower levels of RpoS, suggesting
that high stress resistance is associated with a metabolic cost. The balance between
stress resistance and growth is tilted at different settings for bacteria depending on their
specific niches, and adaptive mutations allow bacteria to shift this balance depending on
the growth- or stress-related selective pressures in their environment.
Thesis objectives
The combination of regulation and mutagenesis promotes bacterial adaptation
and contributes to the evolutionary success of bacteria in the face of many
environmental stresses. There are many stress response pathways that are conserved
across Enterobacteriaceae, which reveal similarities in the stresses that different
bacteria encounter in their environments. On the other hand, natural variation of stress
response pathways has enabled Enterobacteriaceae to diversify their niches in vivo and
ex vivo. Understanding these differences in stress response pathways in related bacteria
can help provide insight into the composition of physiological signals and stresses in
their distinct niches.
In this body of work, we took two approaches to studying adaptation of
Enterobacteriaceae: 1) identifying regulators and effectors involved in protection against
13

a common environmental stress and 2) investigating natural variation in the network
topology of a stress response pathway. In Chapter 2, we show that a network of
regulators is important for dehydration survival in E. coli, and we identify natural variation
among E. coli isolates in their ability to survive this stress. In Chapter 3, we investigate
the polymyxin resistance network in selected genera of Enterobacteriaceae. We show
that network topology affects the environmental stimuli needed to activate this system
and affects the relative importance of the connector protein in polymyxin resistance.
Finally, in Chapter 4, we discuss future directions and speculate on some unanswered
questions. Altogether, this work contributes to our understanding of how bacteria sense
and respond to environmental stresses.
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CHAPTER 2: A network of regulators promotes dehydration tolerance in
Escherichia coli
This chapter has been previously published in slightly altered form: Chen and Goulian,
Environmental Microbiology (2018).
Introduction
Organisms from all kingdoms of life have the capacity to survive following periods
of dehydration (Potts, 1994; Leprince and Buitink, 2015). Among prokaryotes, this stress
resistance is critical for survival in niches with low or fluctuating water activity, such as
soils and many foods (Potts, 2001; Billi and Potts, 2002; Garcia, 2011; Burgess, 2016).
The response to dehydration has been best studied in highly dehydration-resistant
organisms such as cyanobacteria and soil bacteria (Potts, 1999; Vriezen et al., 2007). In
Escherichia coli, on the other hand, which has served as a model organism to establish
numerous aspects of bacterial physiology and stress responses, the molecular genetics
underlying dehydration tolerance has been relatively underexplored. While E. coli is
naturally found in the mammalian gut, a well-hydrated environment, it is shed in animal
feces and transported to other niches where it may encounter conditions of low water
activity (Maule, 1997; Duffy et al., 2014). Compared to many other bacteria, E. coli is not
highly resistant to dehydration, but it still has a significant ability to survive this condition.
Indeed, several studies have identified E. coli as persistent members of soil microbial
communities, and this bacterium has been shown to survive in manure and soil for up to
several months (Temple, 1980; Byappanahalli et al., 2006; Habteselassie, 2008; Zhang
and Yan, 2012). The capacity for at least a subpopulation to survive in low moisture
environments is also clinically relevant, considering the low infectious dose of many
pathogenic E. coli, which are frequently found in livestock and other agricultural settings
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(McClure, 2000; Duffy et al., 2014). In fact, several outbreaks of gastroenteritis have
been associated with contamination of dried foods by E. coli (Hiramatsu et al., 2005;
Burgess, 2016).
Bacterial cells are vulnerable to damage throughout the stages associated with
dehydration and recovery: initial loss of water, storage under dry conditions, and
rehydration. The removal of water initially increases osmotic stress and may eventually
lead to protein misfolding and decreased cell membrane fluidity (Billi and Potts, 2002;
Vriezen et al., 2007; Scherber et al., 2009). When water activity is low, bacteria are
effectively in an inert state and thus unable to prevent the accumulation of damage to
nucleic acids, proteins, and lipids (Potts, 2001). The rehydration process itself may also
cause additional damage, such as lipid phase transitions that can compromise
membrane permeability (Mille et al., 2003; Garcia, 2011). While many stresses have
been proposed to accompany dehydration and recovery, the primary mechanisms
involved in cell damage or death associated with this process are still largely unknown.
Previous studies in bacteria have identified a variety of pathways associated with
dehydration tolerance, including the synthesis of protective compounds such as the
disaccharide trehalose and extracellular matrix components, and repair mechanisms to
combat DNA damage, oxidative stress, and envelope stress (reviewed in (Potts, 1994;
Garcia, 2011; Burgess, 2016)). However, in most systems, the specific mechanisms that
confer dehydration resistance and their regulation have not been established.
Here we identify several regulators that are important for E. coli to survive
dehydration. We find that the general stress response sigma factor RpoS plays a critical
role. In addition, we show that several other components that modulate or act in
conjunction with RpoS—DksA, Crl, ArcZ, and ArcA—also contribute to dehydration
tolerance. Identification of these regulators is a first step towards determining the
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specific types of cellular damage conferred by dehydration and the specific effectors that
provide protection against this damage.
Results
Dehydration protocol
To study dehydration tolerance, we first developed a protocol for establishing a
dehydrated environment and assaying cell viability in a reproducible fashion. We
considered a number of factors, including the growth medium, growth phase, drying
speed, surface material for drying, and drying time. Since bacteria in the external
environment are generally thought to be in relatively low nutrient conditions, we opted to
use stationary-phase cells from overnight cultures. We observed similar rates of survival
when bacteria were dried on filter paper vs. polypropylene and therefore used 96-well
polypropylene plates to facilitate performing multiple parallel experiments. Since growth
medium osmolarity will increase during the drying phase, we used lysogeny broth (LB)
without NaCl (denoted LBns), to minimize the effects of osmotic stress. Overnight
cultures grown in LBns were dried in polypropylene 96-well plates at 25 °C for either 24
hours or seven days, as indicated (Fig. 2.1A). The relative humidity across different
experiments ranged from 1-10%, which is similar to the moisture content of dried
manure and low-moisture foods (Himathongkham et al., 1999; Finn et al., 2013a). Cells
were then rehydrated in LBns, and serial dilutions were plated on LB to determine cell
viability. Percent survival was calculated based on the cell viability prior to drying, and
fold change in survival was determined by normalizing percent survival rates to that of a
reference strain. Using this protocol, a stationary-phase culture of the E. coli K-12
laboratory strain MG1655 had a mean survival of 2.1% after 24 hours of drying (Fig.
2.1B).
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The transcriptional regulators DksA and RpoS are important for dehydration
tolerance
A preliminary transposon sequencing screen suggested dksA might be important
for dehydration tolerance. We therefore tested a dksA deletion and found a >500-fold
decrease in survival compared to wild-type MG1655 after 24 hours of drying (Fig. 2.2).
This survival defect could be complemented with a plasmid-borne copy of dksA (Fig.
S2.1A). Since DksA often functions in coordination with the small molecule guanosine
tetraphosphate (ppGpp), we tested whether ppGpp also played a role in dehydration
tolerance. We found that deletion of relA, which results in low levels of ppGpp, as well as
deletion of both relA and spoT, which eliminates ppGpp (ppGpp0), did not decrease
survival (Fig. S2.2A). These results suggest that DksA contributes to dehydration
tolerance independently of ppGpp.
To gain more insight into the role of DksA in dehydration tolerance, we screened
for spontaneous suppressors of dehydration sensitivity in the ΔdksA strain by conducting
repeated cycles of dehydration and rehydration. After four cycles, we isolated several
colonies with improved survival compared to the parent strain. Using whole-genome
sequencing, we identified two independent mutations that partially improved survival: a
point mutation in rpoD that causes the amino acid substitution A135D and a small
deletion in the C-terminal region of rpoC (deletion of nucleotides 3451-3642) (Fig. S2.3).
Although this screen failed to identify downstream genes regulated by DksA, these
results are similar to the results of previous screens for suppressors of ΔdksA amino
acid auxotrophy, which only identified mutations in RNA polymerase (Brown et al., 2002;
Rutherford et al., 2009).
DksA has been shown to be important for the full induction of the general stress
response regulator RpoS (Webb et al., 1999; Brown et al., 2002). In addition, an rpoS
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deletion in E. coli O157:H7 was previously reported to affect survival following
dehydration for four days using a drying method that differs from the method used in the
present study (Stasic et al., 2012). We therefore asked whether RpoS plays a role in the
dehydration tolerance described here, and whether the effect of DksA is through RpoS.
We found that deletion of rpoS decreased survival by >100-fold (Fig. 2.2), and
complementation with rpoS in trans confirmed that this result was due to the absence of
rpoS (Fig. S2.1B). The fact that deleting dksA had a slightly stronger effect on survival
than did deletion of rpoS (Fig. 2.2) suggests that DksA is not acting solely through RpoS
in providing tolerance to dehydration. This is further supported by the observation that a
double deletion of ΔdksA and ΔrpoS was ~9-fold lower than that of ΔrpoS alone (Fig.
2.2). In light of the previously established effect of DksA on RpoS levels (Webb et al.,
1999; Brown et al., 2002), our results suggest that the decrease in survival of a ΔdksA
strain is primarily due to a decrease in RpoS expression, but DksA also contributes to
dehydration tolerance independently of RpoS.
Pre-induction of rpoS improves dehydration tolerance
Previous studies have shown that stationary-phase cells are more resistant to
dehydration than are exponential-phase cells (Welsh and Herbert, 1999; Gruzdev et al.,
2012b). Since RpoS expression increases upon entry into stationary phase, we
suspected that increased RpoS activity prior to drying may be critical for survival. To
determine when RpoS activity is necessary to promote survival, we compared the effects
of inducing rpoS transcription in an overnight culture before drying, at the time of
rehydration, or during both periods. Transcription was controlled with a tetracyclineinducible rpoS (Ptet-rpoS) that was integrated into the chromosome in a ΔrpoS ΔrssB
strain. The gene rssB was deleted to eliminate post-translational regulation of rpoS
expression by the RpoS anti-sigma factor RssB (Muffler et al., 1996). In the absence of
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the inducer anhydrotetracycline (aTc), a derivative of tetracycline that does not inhibit E.
coli growth at the low concentrations required for induction, mean survival following
rehydration was 0.3% (Fig. S2.4). This survival rate for uninduced Ptet-rpoS was lower
than that of wild-type cells (mean survival = 2.1%) but higher than that of a ΔrpoS strain,
which was >100-fold more sensitive than wild type (Fig. 2.2). This increased survival
compared to a ΔrpoS strain may be due to leaky expression of rpoS from the tet
promoter. When we tested the effect of inducing rpoS, we found that pre-induction
significantly improved survival by ~25-fold (Fig. 2.3). On the other hand, induction upon
rehydration did not significantly improve survival, regardless of whether or not the cells
had been pre-induced (Fig. 2.3).
Screens for additional genes important for dehydration tolerance
To identify additional factors that contribute to dehydration tolerance, we tested
the effect of mutating genes that previously had been linked to dehydration survival in
various bacteria, as well as selected genes from various stress responses or from the
RpoS regulon (Cytryn et al., 2007; Battesti et al., 2011). Most of the mutants did not
show a significant effect after 24 hours of drying (Fig. S2.2). For example, while
increased intracellular trehalose concentrations have been correlated with improved
dehydration tolerance (Welsh and Herbert, 1999), deletion of the trehalose biosynthesis
genes otsA or otsB did not decrease survival and actually showed increased survival
compared to wild type (Fig. S2.2A). We also tested whether induction of the
extracytoplasmic sigma factor RpoE by envelope stress plays a role in dehydration
tolerance. The rpoE gene is essential, and high levels of RpoE activity are also
detrimental to cell growth. We therefore tested a strain that produces a mutant RpoE
with decreased activity and that lacks the RpoE anti-sigma factor RseA, which mediates
induction by envelope stress (Nicoloff et al., 2017). An overnight culture of this strain had
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~4-fold lower RpoE activity compared to a wild-type strain, based on b-galactosidase
measurements of an RpoE-dependent rpoHp3-lacZ reporter (Fig. S2.5). We found that
this strain did not show a survival defect after 24 hours of drying (Fig. S2.2B), suggesting
that induction of RpoE by envelope stress is not important for dehydration tolerance. In
addition to RpoE, several other envelope stress response regulators that we tested,
PspF, CpxR, BaeR, and RcsB, did not affect survival following dehydration (Fig. S2.2A).
Among the various stress response genes that we tested, we found that genes
associated with the DNA damage response were important for survival. A strain
producing a non-inducible variant of LexA, the repressor controlling the E. coli SOS
system (Simmons et al., 2008) was significantly more sensitive to dehydration compared
to a congenic strain that expresses wild-type LexA (Fig. S2.2C). In addition, we found
that deleting the gene encoding RecA, which stimulates LexA auto-cleavage in response
to DNA damage and also has additional roles in DNA repair, decreased survival after 24
hours of drying (Fig. S2.2A). These results suggest that DNA repair plays a role in
dehydration tolerance, which is consistent with previous observations in E. coli and other
bacteria (Asada, 1979; Mattimore and Battista, 1996; Humann et al., 2009; Aranda et al.,
2011).
We also screened a genomic library from Salmonella enterica serovar
Typhimurium, a species related to E. coli that is highly resistant to dehydration
(Hiramatsu et al., 2005; Gruzdev et al., 2012a; Finn et al., 2013a). Compared to
MG1655, S. Typhimurium 14028s was ten-fold more resistant to dehydration after 24
hours of drying and >1000-fold more resistant after one week (Fig. S2.6). The relative
resistance of 14028s to MG1655 increased with the length of dehydration time up to at
least a month, primarily due to a precipitous drop in survival of MG1655 (Fig. S2.6). We
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reasoned that we could use this large difference in survival to conduct a plasmid
genomic library screen using S. Typhimurium genomic DNA to identify genes important
for dehydration tolerance. We predicted that plasmids containing effector genes that
prevent or repair dehydration-induced damage, or genes that increased RpoS levels
and/or activity would improve the survival of MG1655. Although the genomic library
comes from Salmonella rather than E. coli, we hypothesized that, given the similarity
between the two species, the results could reveal similar pathways in E. coli or provide
insights into the types of damage that E. coli encounters in the dehydration process and
the repair pathways that mediate survival.
To perform the screen, E. coli MG1655 was transformed with a plasmid library
constructed from S. Typhimurium 14028s genomic DNA and subjected to cycles of
dehydration and rehydration to enrich for cells with improved dehydration survival. The
screen was carried out in duplicate, with two independent transformations of the
genomic library into MG1655. For each cycle, the cells were dried for one week. This
period was chosen based on the rapid decrease in survival of MG1655 after prolonged
drying (Fig. S2.6). Ideally, the level of killing for one cycle would provide a sufficiently
stringent selection to recover plasmids that improve survival, but not so stringent as to
prevent plasmids providing a relatively small level of protection from being recovered.
After each cycle, beginning with the second cycle, individual colonies were randomly
picked and tested for improved dehydration tolerance compared to MG1655 harboring
the parent plasmid. Out of 223 colonies that were tested, two plasmids were isolated
after the third and fourth cycles of drying that improved MG1655 survival by ~ten-fold
after one week of drying.
Crl and ArcZ, both regulators of RpoS, contribute to dehydration tolerance
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One of the plasmids isolated from the genomic library screen contained the gene
crl, which encodes a small protein that enhances RpoS activity by promoting RpoS-RNA
polymerase holoenzyme formation (Bougdour et al., 2004; Typas et al., 2007). Although
most E. coli strains have crl, our version of MG1655, which was obtained from the E. coli
Genetic Stock Center (CGSC# 7740, MG1655(Seq)), contains an insertion sequence
(IS1) element in crl (Freddolino et al., 2012).
To test the role of Crl in dehydration tolerance, we moved crl into MG1655 by P1
transduction from a crl+ E. coli K-12 strain using a marker that is linked to the crl locus.
Restoration of the E. coli crl gene increased survival after one week of drying by ~tenfold (Fig. 2.4A). We also found that plasmid expression of rpoS completely rescued
survival of a Crl-null strain (Fig. S2.7). Crl has also been shown to facilitate the
association of other sigma factors with core RNA polymerase in vitro (Gaal et al., 2006).
However, we found that disruption of crl had no effect in a ΔrpoS background after 24
hours of drying (Fig. S2.8A), suggesting that Crl contributes to dehydration tolerance
solely through RpoS.
Crl has been shown to regulate csgD, which encodes a regulator of biofilm
formation that plays a role in dehydration resistance for Salmonella growing in colonies
(Arnqvist et al., 1992; Barnhart and Chapman, 2006; White et al., 2006). We therefore
tested the effects of deleting csgD. We found that ΔcsgD did not affect survival after 24
hours of drying, suggesting that Crl does not act through CsgD and that the CsgD
regulon is not important for the dehydration tolerance of planktonic E. coli (Fig. S2.2D).
These results are consistent with previous studies in Salmonella suggesting that
extracellular matrix components are not important for dehydration tolerance of planktonic
cells (Garmiri et al., 2008; Finn et al., 2013b).
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The second plasmid that we isolated from our screen contained the gene for a
small RNA, arcZ, which is also present in the E. coli genome. We therefore tested the
effect of an arcZ deletion and observed a ~five-fold decrease in survival after one week
of drying (Fig. 2.4B). ArcZ is among the core set of small RNAs in Enterobacteriaceae
with several direct targets, most notably rpoS mRNA (Mandin and Gottesman, 2010).
ArcZ stimulates translation of rpoS and is expressed in stationary phase during aerobic
growth, although its expression is not dependent on RpoS. Transcriptomic studies
indicate that ArcZ overexpression changes the expression of ~16% of S. Typhimurium
genes, only 25% of which have been reported to be in the RpoS regulon, suggesting that
ArcZ may also affect gene expression independently of RpoS (Papenfort et al., 2009).
However, deletion of arcZ in a ΔrpoS background showed a similar rate of survival after
24 hours of drying compared to ΔrpoS alone, suggesting that ArcZ contributes to
survival solely through RpoS (Fig. S2.8B).
Under low oxygen conditions, ArcZ is repressed by the ArcB/ArcA twocomponent system, enabling an additional layer of regulation of RpoS in low oxygen
conditions (Mandin and Gottesman, 2010). Since cells entering stationary phase may
deplete oxygen, which activates the ArcB/ArcA system (Sharma et al., 2013), we tested
whether deletion of arcA affects dehydration tolerance. We hypothesized that the
absence of ArcA would lead to increased ArcZ and thus higher survival. However, we
found that deletion of arcA had the opposite effect, decreasing survival by ~three-fold
after one week of drying (Fig. 2.5).
Natural variation in dehydration tolerance among E. coli isolates
To determine whether resistance to dehydration is conserved within E. coli, we
compared the survival of MG1655 after one week of drying to that of representative E.
coli strains from different phylogenetic groups (Fig 2.6). Most of the strains we tested
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had similar rates of survival compared to MG1655 crl+, although Nissle 1917 and
CFT073 showed lower survival. Notably, several enterohemorrhagic E. coli (EHEC)
strains were almost as resistant to dehydration as S. Typhimurium, which is consistent
with a previous report of similar rates of survival between E. coli O157:H7 and S.
Typhimurium in dried cow manure (Himathongkham et al., 1999).
Discussion
Our results reveal a group of interacting regulators that are important for E. coli to
survive dehydration (Fig. 2.7). RpoS is a central part of this network, and its absence
decreased survival by over two orders of magnitude. Furthermore, restricting rpoS
transcription to the overnight culture prior to drying was sufficient to restore dehydration
tolerance. This result suggests that the primary role of RpoS in dehydration tolerance is
to protect cells from damage during the drying phase and/or to protect the cells from
stresses associated with the early stages of rehydration before protein expression has
restarted. We also identified several regulators of RpoS, namely DksA, Crl, ArcZ, and
ArcA, that are important for survival, as well as LexA and RecA, which play a role in the
SOS response and DNA repair.
Regulators of RpoS that contribute to survival after dehydration
DksA is highly conserved among bacteria and regulates transcription by binding
directly to the secondary channel of RNA polymerase (Haugen et al., 2008; Osterberg et
al., 2011; Parshin et al., 2015). Although DksA often functions in coordination with
ppGpp, we found that a ppGpp0 strain was not more sensitive than the wild-type strain to
dehydration, in contrast with the behavior of ∆dksA. This difference between ∆dksA and
ppGpp0 strains may be due to differences in their regulation of RpoS. Indeed, overnight
cultures of ∆dksA and ppGpp0 strains have significantly different levels of RpoS (Webb
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et al., 1999; Brown et al., 2002). Thus, these results further support our hypothesis that
induction of RpoS prior to drying is important for survival.
While the decreased levels of RpoS in a ∆dksA strain may account for much of
the sensitivity to dehydration of a dksA deletion, our results indicate that DksA also has
an RpoS-independent role in dehydration tolerance. DksA may affect survival through its
action on other sigma factors or through its role in transcription elongation, which may be
critical for preventing the formation of arrested elongation complexes if the process of
dehydration and rehydration results in the uncoupling of transcription and translation
(Tehranchi et al., 2010; Zhang et al., 2014). In contrast with DksA, both Crl and ArcZ
appear to act solely through RpoS, since deletion of either crl or arcZ had no effect on
survival in a ∆rpoS strain (Fig. S2.8). We note, however, that the genetic interactions
described here between rpoS and the above genes may be due to indirect effects
instead of direct interactions between these regulators and RpoS.
Although the ArcB/ArcA two-component system negatively regulates both RpoS
and ArcZ (Mika and Hengge, 2005; Mandin and Gottesman, 2010), we found that an
arcA deletion decreased survival following dehydration. ArcA is a global regulator that
directly regulates at least roughly 100 operons and indirectly affects transcript levels of
numerous additional genes (Salmon et al., 2005; Park et al., 2013), many of which are
not clearly associated with the transition from aerobic to anaerobic metabolism. Given
the complex and poorly understood effects of ArcA on E. coli physiology, it is difficult at
this stage to speculate on the likely mechanism by which ArcA promotes dehydration
tolerance.
Role of DNA damage response may depend on drying conditions
Previous studies have shown that drying bacteria below a critical water activity
causes DNA damage (Asada et al., 1980; Dose et al., 1992; Potts, 1994). Consistent
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with these observations, we found that LexA and RecA are important for survival
following dehydration. However, one study on dehydration of E. coli O157:H7 did not find
a role for the SOS response (Stasic et al., 2012). In addition, a second study found that
the SOS response was important for survival after freeze-drying, but drying alone did not
induce SOS response genes (Rosen et al., 2016). The differences between our results
and the results from these studies may reflect differences in drying protocols and the
degree of dehydration that was achieved.
Many effectors of dehydration tolerance remain unknown
In our study, several genes that were previously associated with dehydration
tolerance, including those involved in trehalose biosynthesis and envelope stress
responses, did not affect survival after 24 hours of drying. The disaccharide trehalose is
thought to improve survival by stabilizing proteins and cell membranes and inhibiting
crystallization (Crowe et al., 1992). However, in the absence of osmotic stress prior to
drying, deletion of trehalose biosynthesis genes did not affect survival in either
Rhizobium etli or Bradyrhizobium japonicum (Sugawara et al., 2010; Reina-Bueno et al.,
2012), which is consistent with our findings in E. coli. We also tested several envelope
stress response systems to explore the possibility that altered lipid composition or repair
of cell envelope damage might also be important for dehydration tolerance (Potts, 1994;
Scherber et al., 2009; Li et al., 2012). None of the envelope stress response regulators
that we tested, PspF, CpxR, BaeR, RcsB, and RpoE, affected survival. While this result
does not rule out a role for envelope stress response pathways, our findings suggest
that none of these pathways individually plays a significant role, at least for the
dehydration conditions that we used.
Notably, our screen only identified regulators and did not identify any proteins
that directly increase dehydration tolerance. This observation may simply reflect the fact
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that our screen was limited in scope and required multiple rounds of dehydration and
rehydration. It is also possible, however, that multiple effectors may be required for
survival, with each contributing a small effect on average. We also note that the
challenge of identifying downstream effectors in the RpoS regulon is apparently not
unique to dehydration, since the specific effectors for many other RpoS-mediated stress
responses have not yet been identified (Battesti et al., 2011).
Potential role of RpoS in ex vivo environments
Inactivation of crl or rpoS has been shown to provide an advantage for growth
and survival in stationary phase, a phenomenon known as GASP (Zambrano et al.,
1993; Finkel and Kolter, 1999; Finkel, 2006). While rpoS and crl mutations are frequently
found in laboratory strains (Atlung et al., 2002; Faure et al., 2004; Freddolino et al.,
2012), the frequency of rpoS mutations is reportedly as low as 0.3-2% among natural
isolates (Chiang et al., 2011; Snyder et al., 2012; Bleibtreu et al., 2014). In addition,
recent studies find that RpoS is important for survival in farm environments and
persistence in the soil. These observations suggest that in many of E. coli's primary
niches, stress resistance may be more critical for survival than is the ability to scavenge
for nutrients (Parker et al., 2012; Somorin et al., 2016). Given the critical role played by
RpoS and its modulators in dehydration tolerance, and the fluctuations in water activity
that E. coli is likely to encounter in ex vivo settings, dehydration may well be a
particularly important selective pressure for maintaining RpoS and for precise tuning of
its activity.
Methods
Strains and Plasmids
Strains, plasmids, and primers are listed in Tables 2.1, 2.2, and 2.3, respectively. E. coli
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strains used in dehydration assays were derived from E. coli K-12 strain MG1655(Seq)
(CGSC #7740), except where indicated in Fig. 2.6. Strain PM1460 was a gift from Susan
Gottesman, strain SEA 13B88 was a gift from Pina Fratamico, strain CF15006 was a gift
from Michael Cashel, and strains SEA001 and SEA6527 were gifts from Sarah Ades.
Media and growth conditions
Cultures were grown aerobically at 37 °C in LB medium without NaCl (LBns). LB (Miller)
agar was used for growth on solid medium. The antibiotics ampicillin, kanamycin,
chloramphenicol, and tetracycline were used at concentrations of 100 μg/ml, 25 μg/ml,
25 μg/ml and 15 μg/ml, respectively, unless otherwise indicated. Anhydrotetracycline
(aTc) was used at a concentration of 100 ng/ml as indicated.
Strain Construction
Gene deletions were transferred to strains by transduction with P1vir (Miller, 1992). The
tetracycline-inducible rpoS strain was constructed by first integrating plasmid pAC6 into
the attλ site of strain SAM37, as described in (Haldimann and Wanner, 2001), to create
strain AIC168. Strain AIC172 was then created by transduction from strain JW1223 into
strain AIC168 to delete rssB. Antibiotic resistance cassettes flanked by FLP
recombinase target (FRT) sites were removed using pCP20 (Cherepanov and
Wackernagel, 1995). The crl+ strain was created by transduction from strain JW0255,
which has a marker (DafuB’::(FRT-Kan-FRT)) that is linked to the crl locus. The crl+ and
crl::IS1 alleles were determined by PCR using primers crl_MG1655_F and
crl_MG1655_R.
Plasmid construction
Plasmid pAC3 was constructed by cloning rpoS with its native promoter into pBR322
using EcoRI and BamHI restriction sites. The rpoS gene was amplified by PCR using
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primers rpoS_EcoRI_u1 and rpoS_BamHI_l1. Plasmid pAC6 was constructed by cloning
the rpoS coding sequence into pAS07 using KpnI and SpeI restriction sites. The rpoS
gene was amplified by PCR using primers rpoS_KpnI_rbs_F2 and rpoS_SpeI_R2, and
the vector backbone without gfpmut3.1 was amplified by PCR using primers pAS07_U1
and pAS07_L1. Plasmid pAC15 was constructed by cloning arcZ with its native promoter
into pBR322 using Gibson cloning with the NEB Gibson Assembly Master Mix (cat.
E2611S) (Gibson et al., 2009). The vector was amplified by PCR using primers pBR322arcZ-u1 and pBR322-arcZ-l1, and the insert was amplified by PCR using primers
arcZ_EcoRI_u1 and arcZ_HindIII_l1.
Dehydration assay
10 μL of overnight cultures grown in LBns were spotted in wells of a 96-well plate and
air-dried for 24 hours, or longer as indicated, in a Rubbermaid Tupperware container
containing commercial grade 6 mesh Drierite (W. A. Hammond DRIERITE CO. LTD,
Xenia, OH) to achieve a relative humidity between 1 and 10% in a 25 °C incubator. This
range refers to the variation in relative humidity between experiments; the variation over
the course of an individual experiment was generally less than 1%. Relative humidity
was recorded every 2-3 seconds using a DHT22 humidity sensor attached to an Arduino
Uno microcontroller (Adafruit). An example of the relative humidity recorded for a oneweek experiment is shown in Fig. S2.9. The initial number of CFUs/well was calculated
by plating serial dilutions of the starting culture in triplicate on LB agar. 100 μL of LBns
was added to rehydrate the cells, and serial dilutions in PBS were plated in triplicate on
LB agar to determine the number of colony forming units (CFUs) after dehydration.
Percent survival was calculated by dividing the number of CFUs/well after dehydration
by the initial number of CFUs/well. For each experiment, the fold change for each
biological replicate was calculated by dividing the percent survival by the mean percent
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survival of a reference strain, as indicated, to normalize the values. The mean fold
change for each strain (represented by horizontal lines in figures) was then calculated by
combining all replicates from multiple independent experiments. Independent
experiments refer to experiments performed on separate days. The Wilcoxon rank-sum
test was performed using the R programming language (R Core Team, 2013). To test
the effects of RpoS pre-induction, aTc was added to the overnight culture. Immediately
before drying, the cells were washed twice with PBS to remove residual aTc and
resuspended to the original volume in spent media that was obtained from a similar
overnight culture that lacked aTc.
Spontaneous suppressor screen
A ΔdksA strain was grown overnight in LBns and subjected to repeated cycles of drying
and rehydration. Cells were plated on LB agar after each cycle, and colonies were
randomly selected to test for increased dehydration tolerance compared to the parent
strain. After the fourth cycle of drying, several colonies showed improved survival after
drying. The plasmid pRL27 was used to randomly insert a mini-Tn5 transposon and
isolate kanamycin resistance insertions that were linked to the suppressor mutation. The
mutation was then transduced to a fresh background by P1 transduction, and
dehydration tolerance was assessed. The mutations were identified by whole-genome
sequencing. Genomic DNA was extracted using a Qiagen DNeasy Blood and Tissue Kit
and eluted in 10mM Tris-HCl pH 8.5. Library preparation and sequencing were
performed by the Center for AIDS Research SGA Service Center at the University of
Pennsylvania. Single nucleotide polymorphisms (SNPs) were determined with
Freebayes on the Galaxy server (usegalaxy.org) (Afgan et al., 2016), by comparing the
parent strain with each suppressor strain, and confirmed by Sanger sequencing.
Plasmid genomic library screen
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Genomic DNA from S. Typhimurium 14028s was isolated using a Qiagen DNeasy Blood
and Tissue Kit, partially digested with Sau3aI, and ligated into pBR322 digested with
BamHI. The ligation was electroporated into Invitrogen ElectroMAX DH10b
electrocompetent cells. Plasmid DNA was prepared and transformed into E. coli
MG1655 by electroporation. To select clones with increased dehydration tolerance, the
cells were subjected to repeated cycles of drying for seven days at a time. After each
drying period, cells were rehydrated and plated on LB supplemented with 50 μg/ml
ampicillin. Clones were randomly selected to test for improved survival after drying
compared to MG1655 with the parent plasmid. Plasmids from clones with improved
survival were isolated, re-transformed into a fresh background, and retested. Plasmids
were sent to sequencing using primers pBR322-seq-For and pBR322-seq-Rev.
Construction of phylogenetic tree
Multiple sequence alignment of the seven genes used for MLST typing (adk, fumC, gyrB,
icd, mdh, purA, and recA) (Wirth et al., 2006) was performed using MUSCLE (Edgar,
2004), and a phylogenetic tree was built using FastTree2 (Price et al., 2010). The tree
was visualized using the interactive tree of life (iTOL) (Letunic and Bork, 2016). The tree
scale denotes the number of nucleotide substitutions per site. The genome sequence for
SEA 13B88 was not available and therefore was omitted from the phylogenetic tree.
b-galactosidase assay

Strains were first grown overnight from colonies inoculated in LBns. These cultures were
then diluted 1:1000 in LBns the following day and grown overnight again. bgalactosidase activity was measured using the RpoE-dependent rpoHp3::lacZ reporter
as described in (Miller, 1992).
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Figure 2.6: Dehydration survival of various E. coli isolates and S. Typhimurium
14028s. A. Phylogenetic tree of E. coli isolates based on MLST genes. The tree scale
indicates the number of nucleotide substitutions per site. B. Fold change in survival after
one week of drying of representative E. coli isolates and S. Typhimurium 14028s relative
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042, E2348/69, CFT073, TW09308, TW10509, H10407, TUV93-0, EC4115, Sakai,
JEONG-1266, SEA 13B88, and 14028s.
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Figure 2.7: Summary of regulators identified in this study as contributing to E. coli
dehydration tolerance. The thickness of each line denotes the proposed relative
importance for dehydration tolerance, based on the effect of deleting the corresponding
gene. The interactions between regulators are based on the comparison of pairwise
deletions with single deletions, except for the negative regulation of RpoS and ArcZ by
ArcA (denoted by dashed lines), which is from the literature (Mika and Hengge, 2005;
Mandin and Gottesman, 2010). Note that the genetic interactions described here may be
indirect. DksA has a smal effect that is independent of RpoS, whereas Crl and ArcZ act
solely through RpoS. While ArcA has been shown to repress RpoS and ArcZ, deletion of
arcA decreased survival, suggesting that the net effect of ArcA’s activities promotes
dehydration tolerance. LexA also contributes to dehydration tolerance, indicating a role
for DNA repair.
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MG1655/pAC3, SAM37/pBR322, and SAM37/pAC3; C) MG1655/pBR322,
MG1655/pAC15, AIC196/pBR322, and AIC196/pAC15.
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Table 2.1: Strains used in Chapter 2.
Strain
MG1655(Seq)

Relevant Genotype/Genome
information
F- λ- ilvG rfb-50 rph-1 crl::IS1
RefSeq accession no. NC_000913.3

AIC1

MG1655 ∆relA::(FRT-Kan-FRT)

AIC2

MG1655 ∆dksA::(FRT-Kan-FRT)

AIC27

MG1655 ∆relA::FRT

AIC29

SAM37 ΔdksA::(FRT-Kan-FRT)

AIC45

MG1655 ΔotsA::(FRT-Kan-FRT)

AIC46

MG1655 ΔotsB::(FRT-Kan-FRT)

AIC56

MG1655 ΔdksA::FRT

AIC57

AIC27 zib563::Tn10 spoT212

AIC66

MG1655 ΔpspF::(FRT-Kan-FRT)

AIC67

MG1655 ΔcpxR::(FRT-Kan-FRT)

AIC87

AIC171

MG1655 ΔdksA::FRT Tn5-RL27
sup1 (RpoD A135D)
MG1655 ΔdksA::FRT Tn5-RL27
sup2 (deletion of nucleotides 34513642 in rpoC)
SAM37 attλ::pAC6 (tetR PtetA-rpoS)
MG1655 ΔafuB’::(FRT-Kan-FRT)
crl::IS1
MG1655 ΔafuB’::(FRT-Kan-FRT) crl+

AIC172

AIC168 ΔrssB::(FRT-Kan-FRT)

AIC187

MG1655 ΔafuB’::FRT crl::IS1

AIC188

MG1655 ΔafuB’::FRT crl+

AIC92
AIC168
AIC170
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Reference or Source
E. coli Genetic Stock Center
(CGSC no. 7740)
(Freddolino et al., 2012)
This study (JW2755 X
MG1655)
This study (JW0141 X
MG1655)
This study (removal of
antibiotic resistance cassette
from AIC1)
This study (JW0141 X
SAM37)
This study (JW5312 X
MG1655)
This study (JW1886 X
MG1655)
This study (removal of
antibiotic resistance cassette
from AIC2)
This study (CF15006 X
AIC27)
This study (JW1296 X
MG1655)
This study (JW3883 X
MG1655)
This study
This study
This study
This study (JW0255 X
MG1655)
This study (JW0255 X
MG1655)
This study (JW1223 X
AIC168)
This study (Removal of
antibiotic resistance cassette
from AIC170)
This study (Removal of
antibiotic resistance cassette
from AIC171)

AIC196

MG1655 ΔarcZ::Tet

AIC206

AIC171 ΔcsgD::(FRT-Kan-FRT)

AIC207

MG1655 ΔrcsB::(FRT-Kan-FRT)

AIC211

AIC187 ΔrpoS::(FRT-Kan-FRT)

AIC212

AIC188 ΔrpoS::(FRT-Kan-FRT)

AIC213

AIC196 ΔrpoS::(FRT-Kan-FRT)

AFS134
CF15006
JES53
MMR219.3
PM1460

MG1655 ΔbaeR::(FRT-Kan-FRT)
CF14214 zib563::Tn10 spoT212
MG1655 ΔarcA::FRT
MG1655 ΔrecA::(FRT-Kan-FRT)
MG1655 ΔarcZ::Tet

SEA001
SEA6527

MG1655 jl[rpoHp3::lacZ] DlacX74
SEA001 DrseA yfiC::(FRT-Kan-FRT)
rpoE(S172A)
MG1655 ΔsulA::FRT lexA+
MG1655 ΔsulA::FRT lexA(S119A)
MG1655 ΔrpoS::FRT
MG1655 ΔphoPQ::cat

SAMP05
SAMP06
SAM37
TIM8
JW0141
JW0255
JW1023
JW1223
JW1296
JW1886
JW2205
JW2755
JW3470
JW3883
JW4364
JW5312
JW5437
HS
Nissle 1917
MP1
042
E2348/69
CFT073

ΔdksA::(FRT-Kan-FRT)
ΔafuB’::(FRT-Kan-FRT)
ΔcsgD::(FRT-Kan-FRT)
ΔrssB::(FRT-Kan-FRT)
ΔpspF::(FRT-Kan-FRT)
ΔotsB::(FRT-Kan-FRT)
ΔrcsB::(FRT-Kan-FRT)
∆relA::(FRT-Kan-FRT)
∆recA::(FRT-Kan-FRT)
ΔcpxR::(FRT-Kan-FRT)
ΔarcA::(FRT-Kan-FRT)
ΔotsA::(FRT-Kan-FRT)
ΔrpoS::(FRT-Kan-FRT)
RefSeq accession no. NC_009800.1*
RefSeq accession no.
NZ_CP007799.1*
RefSeq assembly accession no.
GCF_000576655.1*
RefSeq accession no. NC_017626.1*
RefSeq accession no. NC_011601.1*
RefSeq accession no. NC_004431.1*
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This study (PM1460 X
MG1655)
This study (JW1023 X
AIC171)
This study (JW2205 X
MG1655)
This study (JW5437 X
AIC187)
This study (JW5437 X
AIC188)
This study (JW5437 X
AIC196)
Goulian lab stock
(Harinarayanan et al., 2008)
Goulian lab stock
Goulian lab stock
(Mandin and Gottesman,
2010)
(Costanzo and Ades, 2006)
(Nicoloff et al., 2017)
(Mo et al., 2016)
(Mo et al., 2016)
Goulian lab stock
(Miyashiro and Goulian,
2007a)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Rasko et al., 2008)
(Grozdanov et al., 2004)
(Lasaro et al., 2014)
J. Nataro
(Iguchi et al., 2009)
(Mobley et al., 1990)

TW09308
TW10509
H10407
TUV93-0
EC4115
Sakai
JEONG-1266
SEA 13B88
Salmonella
serovar
Typhimurium
14028s

RefSeq assembly accession no.
GCF_000208565.1*
RefSeq assembly accession no.
GCF_000190995.1*
RefSeq accession no. NC_017633.1*
EDL 933 (RefSeq accession no.
NZ_CP008957.1*) slt1- slt2RefSeq accession no. NC_011353.1*
RefSeq accession no. NC_002695.1*
RefSeq accession no.
NZ_CP014314.1*
BioSample: SAMN03997253
RefSeq accession no. NC_016856.1*

(Walk et al., 2009)
(Walk et al., 2009)
(Crossman et al., 2010)
(Campellone et al., 2002)
(Eppinger et al., 2011)
T. Conway
(Teng et al., 2016)
P. Fratamico (USDAWyndmoor)
(CDC, 1996)
D. Schifferli

*The genes dksA, rpoS, crl, arcZ, arcA, and lexA are intact, but there may be
polymorphisms among the various isolates.
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Table 2.2: Plasmids used in Chapter 2
Plasmid
pAC3
pAC6
pAC15
pAS07
pBR322
pCAH63

Genotype
pBR322 rpoS under its native promoter
pAS07 Ptet-rpoS
pBR322 arcZ under its native promoter
pCAH63 DuidAF tetR Ptet-gfpmut3.1
ApR, TetR; cloning vector
attPl Psyn1-uidAF oriRg cat

pCP20
pJW0141
pMR27

lcI857(ts) repA101(ts) oriR101 lpR-FLP
bla cat
lacIq PT5-lac-6xHis-dksA ter(l) cat
lacIq PT5-lac-6xHis ter(λ) cat

pRL27

Tn5-RL27 (KmR-oriR6K)
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Reference or Source
This study
This study
This study
(Lasaro et al., 2014)
M. van der Woode
(Haldimann and Wanner,
2001)
(Cherepanov and
Wackernagel, 1995)
(Kitagawa et al., 2005)
Goulian lab stock
(Kitagawa et al., 2005)
(Larsen et al., 2002)

Table 2.3: Primers used in Chapter 2.
Primer

Sequence

arcZ_EcoRI_u1

5'
GCCACTGAATTCCCTTTCGCAATTGA
CTGAAACACAT 3'
arcZ_HindIII_l1
5' GCCACTAAGCTTCCACTAAAAAATG
ACCCCGGCTAGAC 3'
crl_MG1655_F
5’ GTTGCATCACAACAGGAGATAG 3’
crl_MG1655_R
5’ CGGTTGGCATGACGTATC 3’
pAS07_U1
5' GGGATTACACATGGCATGGATG 3'
pAS07_L1
5' CTCCAGTGAAAAGTTCTTCTCC 3'
pBR322-arcZ-u1
5' GCGAAAGGGAATTCAGTGGCTTCT
TGAAGACGAAAGGGCCTCG
3'
pBR322-arcZ-l1
5’
TTTAGTGGAAGCTTAGTGGCTTCTCA
TGTTTGACAGCTTATCATCGATAAG 3’
pBR322-seq-For
5’ CCTGCTCGCTTCGCTACTTG 3’
pBR322-seq-Rev
5’ GCGATATAGGCGCCAGCAAC 3’
rpoS_EcoRI_F
5’
CACGAATTCACCGTTGCTGTTGCGTC
G 3’
rpoS_BamHI_l1
5’
ATCGGATCCCTGGCCTTTCTGACAGA
TG 3’
rpoS_KpnI_rbs_F2 5'
GCACACGGTACCTAGAATTAAAGAGG
AGAAATTAAGCATGAGTCAGAATACG
CTG 3’
rpoS_SpeI_R2
5'
GTACTCCGACTAGTAGGTCATTACTT
ACTCGCGGAACAGC 3'
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Reference or
Source
This study
This study
This study
This study
This study
This study
This study
This study
Goulian lab stock
Goulian lab stock
This study
This study
This study

This study

CHAPTER 3: Regulatory network topology affects connector protein activity in
polymyxin resistance across Enterobacteriaceae
Introduction
Polymyxins have emerged as last-resort antibiotics for many multidrug-resistant
Gram-negative bacteria (Falagas and Kasiakou, 2005). These compounds are cationic
antimicrobial peptides that are thought to disrupt the outer membrane of Gram-negative
bacteria through interactions with negatively charged lipopolysaccharides (LPS) (Vaara
and Vaara, 1983; Hancock, 1984; Vaara, 1992; Nikaido, 2003; Trimble et al., 2016).
Polymyxins have also been used in the laboratory as a tool to study pathways in bacteria
that mediate resistance to host antimicrobial peptides (Ernst et al., 2001; Needham and
Trent, 2013). Several mechanisms of polymyxin resistance have been identified among
Gram-negative bacteria, with the most common mechanism involving modification of the
LPS (Campos et al., 2004; Olaitan et al., 2014a).
Polymyxin resistance is controlled primarily by the PmrB/PmrA and PhoQ/PhoP
two-component systems (Guo et al., 1997; Groisman, 2001; Chen and Groisman, 2013).
The PmrB/PmrA two-component system regulates the expression of enzymes that
covalently modify the lipid A to decrease the negative charge of the outer membrane
(Wosten and Groisman, 1999; Marchal et al., 2004; Chen and Groisman, 2013). The
sensor kinase PmrB has both kinase and phosphatase activities, and activation of PmrB
through ferric iron or mild acidity leads to increased levels of phosphorylated PmrA
(Soncini and Groisman, 1996; Wosten et al., 2000). Phosphorylated PmrA activates
expression of several genes that encode LPS modification enzymes, including ugd and
the arnBCADTEF operon, whose protein products mediate addition of 4-aminoarabinose
to the lipid A, and pmrC, which encodes an enzyme that modifies the lipid A with
phosphoethanolamine (Gunn et al., 1998; Lee et al., 2004). PmrA activity can also be
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regulated indirectly by the PhoQ/PhoP two-component system (Gunn and Miller, 1996),
which is activated by low magnesium and cationic antimicrobial peptides (Garcia
Vescovi et al., 1996; Bader et al., 2003; Bader et al., 2005). PhoP regulates expression
of the gene pmrD, which encodes a small protein that inhibits dephosphorylation of
PmrA by PmrB (Kox et al., 2000; Kato and Groisman, 2004; Cheng et al., 2010). This
indirect regulation of PmrA by PhoP through the protein PmrD is known as the
connector-mediated pathway. Hence, activation of PhoQ/PhoP leads to activation of
PmrA through the connector protein PmrD. Cross-regulation involving other twocomponent systems has also been shown to mediate polymyxin resistance among
Enterobacteriaceae. In some uropathogenic E. coli, for example, PmrB can
phosphorylate a noncognate response regulator, QseB, which has been shown to play a
role in polymyxin resistance (Guckes et al., 2017). In addition, some K. pneumoniae
strains encode the CrrB/CrrA two-component system, which can activate PmrB through
the CrrA-regulated gene crrC (Wright et al., 2015; Cheng et al., 2016).
Analysis of polymyxin-resistant isolates of Enterobacteriaceae in clinical and
laboratory settings have identified several mutations that confer polymyxin resistance
(Olaitan et al., 2014a; Poirel et al., 2017). Curiously, the chromosomal mutations
identified in polymyxin-resistant isolates vary among several genera of
Enterobacteriaceae, namely Klebsiella pneumoniae, Salmonella enterica, and
Escherichia coli, even though the proteins involved in regulating LPS modifications are
largely conserved. In K. pneumoniae, mutations in phoQ, phoP, pmrB, pmrA, and crrB
that result in constitutive expression of LPS modifications have been shown to confer
polymyxin resistance. Yet the most common mechanism of polymyxin resistance in K.
pneumoniae is inactivation of the gene mgrB, which encodes a negative regulator of
PhoQ (Lippa and Goulian, 2009; Cannatelli et al., 2014; Olaitan et al., 2014b).
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Numerous mutations in mgrB have been identified among polymyxin-resistant isolates,
including inactivation through insertion sequences, nonsense mutations, or missense
mutations. The high frequency of this mechanism of resistance reflects the fact that
there are many more ways to inactivate a gene compared to the limited number of sites
that can be targeted for a gain-of-function mutation. Since mutations in this network,
either in mgrB or in two-component system regulators, all lead to upregulation of LPS
modifications, it seems reasonable to hypothesize that other related bacteria would also
favor inactivation of a gene as a mechanism of resistance. Yet, inactivation of mgrB has
not been observed as a mechanism of resistance among other Enterobacteriaceae,
even though many other genera have homologs of MgrB (Lippa and Goulian, 2009).
These differences may be explained by variations in the regulatory architecture of the
polymyxin resistance network among Enterobacteriaceae (Fig. 3.1) (Winfield and
Groisman, 2004; Mitrophanov et al., 2008). In K. pneumoniae, PhoP can also directly
regulate the PmrA-regulated arnBCADTEF operon, in addition to indirect regulation
through the connector protein PmrD.
In contrast to what has been observed in K. pneumoniae, polymyxin resistance in
Salmonella is primarily acquired through mutations in either the PmrB/PmrA or
PhoQ/PhoP two-component systems that result in the constitutive expression of LPS
modifications (Roland et al., 1993; Guo et al., 1997; Gunn et al., 1998; Zhou et al., 2001;
Sun et al., 2009). In E. coli, the PmrB/PmrA two-component system is the primary target
for chromosomal mutations that confer polymyxin resistance (Quesada et al., 2015;
Cannatelli et al., 2017; Phan et al., 2017). Previous reports have shown that stimulation
of PhoQ in E. coli does not lead to activation of PmrA, leading to the conclusion that
PmrD cannot function as a connector protein between PhoQ/PhoP and PmrB/PmrA in E.
coli (Winfield and Groisman, 2004). However, the E. coli PmrD protein can activate
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PmrA under PhoQ-stimulating conditions in Salmonella, and the Salmonella PmrD
protein can act as a connector in E. coli when PhoQ is stimulated (Winfield and
Groisman, 2004; Chen et al., 2011). Additional studies showed that the E. coli PmrB
protein has higher phosphatase activity compared to the Salmonella PmrB protein,
which may prevent the E. coli PmrD protein from sufficiently inhibiting dephosphorylation
of PmrA by PmrB to activate PmrA in E. coli (Chen et al., 2011). This leaves open the
question of why E. coli has the PmrD protein. In contrast to these observations, there
has been one report that showed an increase in LPS modifications under PhoQstimulating conditions in E. coli (Rubin et al., 2015). The presence of these modifications
was dependent on PmrD, although partially independent of PhoP.
Here we investigate the role of PmrD as a connector protein between the
PhoQ/PhoP and PmrB/PmrA two-component systems in K. pneumoniae and in E. coli.
We find that PmrD can function as a connector between PhoQ/PhoP and PmrB/PmrA in
E. coli. We further show that the role of PmrD as a connector protein depends on the
levels of PhoQ and PmrB stimulation both in K. pneumoniae and in E. coli, indicating
that environmental conditions affect the level of cross-regulation between PhoQ/PhoP
and PmrB/PmrA.
Results
Frequency of spontaneous polymyxin resistance is higher in K. pneumoniae
compared to Salmonella or E. coli
To test whether deletion of mgrB could improve polymyxin resistance in other
genera of Enterobacteriaceae, we conducted a standard broth microdilution assay to
determine the minimum inhibitory concentration (MIC) of polymyxin B for wild-type and
ΔmgrB cells in K. pneumoniae MGH 78578, S. enterica serovar Typhimurium (S.
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Typhimurium) 14028s, and E. coli MG1655. As expected, we found that the MIC of
polymyxin B was ~16-32 times higher for a K. pneumoniae ΔmgrB strain compared to
wild type (Table 3.1). In contrast to what we observed in K. pneumoniae, deletion of
mgrB in Salmonella only increased the MIC of polymyxin B by twofold (Table 3.1). This
suggests that deletion of mgrB only has a mild protective effect in Salmonella and is
consistent with the fact that inactivation of mgrB has not been observed as a mechanism
of resistance among polymyxin-resistant isolates of Salmonella. However, this was
surprising since activation of PhoQ through low magnesium has been shown to increase
polymyxin tolerance in Salmonella (Groisman et al., 1997). It is possible that low
magnesium and deletion of mgrB provide different levels of PhoQ stimulation in
Salmonella. Deletion of mgrB did not confer any protection against polymyxin in E. coli,
which is consistent with previous reports that activation of PhoQ does not lead to
activation of PmrA in E. coli.
Since the likelihood of inactivating a gene is greater than that of creating a gainof-function mutation, we hypothesized that the frequency of developing polymyxin
resistance would be higher in K. pneumoniae compared to Salmonella and E. coli. To
test this, we plated overnight cultures of wild-type K. pneumoniae, S. Typhimurium, and
E. coli cells on LB agar containing 10 µg/mL polymyxin B, which is well above the MIC of
polymyxin for these wild-type strains, to select for spontaneous resistance. We found
that the frequency of spontaneous polymyxin resistance was much higher in K.
pneumoniae compared to S. Typhimurium and E. coli (Table 3.2). To determine the
mechanism of resistance in K. pneumoniae polymyxin-resistant colonies, we tested eight
colonies at random and found that they all had mutations in mgrB, indicating that
inactivation of mgrB accounts for the high frequency of spontaneous polymyxin
resistance in K. pneumoniae.
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PmrD and PmrA play a minor role in polymyxin resistance in a K. pneumoniae
ΔmgrB strain
Since Klebsiella differs from Salmonella in that PhoP can directly regulate the
arnB operon (Fig. 3.1), we wanted to test the role of direct regulation and the connectormediated pathway in polymyxin resistance. Using a broth microdilution assay, we found
that deletion of pmrD in a K. pneumoniae ΔmgrB strain had no effect on the MIC of
polymyxin B, suggesting that the role of PmrD as a connector between PhoQ/PhoP and
PmrB/PmrA was not necessary for resistance (Table 3.1). Deletion of pmrA in a ΔmgrB
strain also did not affect the MIC of polymyxin, which had been previously reported by
another group (Kidd et al., 2017). Resistance was suppressed by deletion of phoP,
indicating that PhoP is necessary for the polymyxin resistance of a ΔmgrB strain. To
detect potentially smaller differences in resistance, we also used a polymyxin B
sensitivity assay, which allows for a greater range of values. Briefly, cells were grown to
exponential phase in N-minimal medium pH 7.5 with 1 mM MgCl2. Cells were then
exposed to polymyxin for one hour, and serial dilutions were plated to determine cell
viability. Survival was determined by comparing the cell counts for samples treated with
polymyxin compared to untreated controls. We found that deletion of either pmrD or
pmrA in a ΔmgrB strain had little effect on survival, whereas deletion of phoP
suppressed the polymyxin tolerance of an ΔmgrB strain (Fig. 3.2). These data indicate
that PmrD or PmrA is not necessary for polymyxin resistance mediated by inactivation of
mgrB. We also found that the frequency of spontaneous polymyxin resistance was
similar for K. pneumoniae wild-type, ΔpmrD, and ΔpmrA strains and was much higher
than that of a ΔphoP strain, consistent with the above observations and suggesting that
spontaneous polymyxin resistance due to inactivation of mgrB is mediated by PhoP
alone, most likely through direct regulation of the arnB operon (Table 3.2).
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To determine the relative contributions of lipid A modification pathways to
polymyxin resistance in a K. pneumoniae ΔmgrB strain, we tested the effect of deleting
either arnB or pmrC. Deletion of pmrC did not affect polymyxin resistance. On the other
hand, deletion of arnB in a ΔmgrB strain lowered the MIC to that of wild type, suggesting
that the arnB gene is critical for polymyxin resistance in a ΔmgrB strain.
PmrD connector activity in K. pneumoniae depends on environmental stimuli
While we found that PmrD is not necessary for polymyxin resistance in a K.
pneumoniae ΔmgrB strain, it has previously been reported that deletion of pmrD in wildtype K. pneumoniae affects tolerance to polymyxin (Cheng et al., 2010). We
hypothesized that the difference between these observations may be due to differences
in growth conditions and that PmrD connector activity depends on the environment. We
reasoned that if either PhoQ or PmrB is sufficiently activated, PmrD may not be
important for polymyxin resistance, since both PhoP and PmrA can directly activate the
arnB operon. Yet if there is a low or intermediate level of PmrB stimulation, PmrD may
become critical for inhibiting the dephosphorylation of PmrA to promote polymyxin
resistance. We therefore hypothesized that PmrD is important for polymyxin resistance
in K. pneumoniae under conditions with low PhoQ stimulation and mild PmrB
stimulation.
To test this, we measured survival in a polymyxin B sensitivity assay for cells
grown in N-minimal medium pH 7.5 with 1 mM MgCl2 and tested the effect of preinduction with varying concentrations of FeSO4, which has been used to activate PmrB
(Wosten et al., 2000). In the absence of iron, wild-type K. pneumoniae cells had ~1%
survival in the presence of 1 μg/mL polymyxin B. When cells were pre-induced with 15
μM FeSO4, the survival of wild-type K. pneumoniae cells increased to ~100%, and this
increase in survival was dependent on PmrD, PmrA, and PhoP (Fig. 3.3). There was a
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very slight increase in survival of ΔpmrD and ΔphoP strains pre-induced with 15 μM
FeSO4, likely due to mild PmrA activity, but the survival rate was still much lower than the
survival of wild type. When cells were pre-induced with 100 μM FeSO4, the survival of
ΔpmrD cells increased to ~70%, suggesting that higher PmrB stimulation decreases the
importance of PmrD in promoting polymyxin tolerance. Surprisingly, the survival of a
ΔphoP strain pre-induced with 100 μM FeSO4 was much lower than that of wild type.
This suggests that the direct regulation of the arnB operon by PhoP is still important for
survival under high iron conditions.
Since mild acidity has been shown to stimulate PhoQ and PmrB in Salmonella
(Alpuche Aranda et al., 1992; Soncini and Groisman, 1996; Perez and Groisman, 2007;
Prost et al., 2007), we also wanted to test whether pre-induction in mild acidity could
increase polymyxin tolerance in wild-type K. pneumoniae cells. We found that wild-type
K. pneumoniae cells grown in N-minimal medium pH 5.8 showed increased polymyxin
tolerance compared to those grown at pH 7.5, and deletion of pmrD did not affect
survival, indicating that pre-induction in mild acidity increases polymyxin tolerance in a
PmrD-independent manner (Fig. 3.4). A ΔpmrA strain showed a slight decrease in
survival compared to that of wild type, although deletion of pmrA did not affect survival
as much as deletion of phoP, suggesting that PhoP may play a more dominant role.
Taken together, our results suggest that PmrD connector activity in K. pneumoniae is
critical for polymyxin resistance under conditions with low PhoQ stimulation and mild
PmrB stimulation. Furthermore, when PhoQ is stimulated, either in the presence or
absence of PmrB stimulation, both PmrD and PmrA are less important for polymyxin
resistance.
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The E. coli PmrD protein can act as a connector between PhoQ/PhoP and
PmrB/PmrA
In light of our observations that the activity of the K. pneumoniae PmrD protein
depends on environmental conditions, we wanted to reexamine the role of PmrD in E.
coli. A previous report showed that the E. coli PmrD protein plays a role in polymyxin
tolerance under low magnesium conditions (Rubin et al., 2015). In that study, the
medium contained 15 μM FeSO4, which was not added to the medium in other studies
that did not observe the E. coli PmrD protein functioning as a connector between
PhoQ/PhoP and PmrB/PmrA (Winfield and Groisman, 2004; Chen et al., 2011). It was
hypothesized that the lack of connector activity of PmrD in E. coli was due to the
stronger phosphatase activity of the E. coli PmrB protein compared to that of the
Salmonella PmrB protein (Chen et al., 2011). We therefore reasoned that the addition of
15 μM FeSO4 under PhoQ-inducing conditions mildly stimulates PmrB, which could
change the relative levels of PmrB’s kinase and phosphatase activities and enable PmrD
to function as a connector in E. coli.
To test this, we grew wild-type E. coli cells in N-minimal medium pH 7.5 with high
or low magnesium with varying concentrations of iron and conducted a polymyxin B
sensitivity assay as described above. We found that wild-type E. coli cells grown in Nminimal medium pH 7.5 with 1 mM MgCl2 had ~0.03% survival in the presence of 1
μg/mL polymyxin B, and the addition of either 15 μM FeSO4 or 100 μM FeSO4 did not
improve survival (Fig. 3.5A). This is in contrast to what we observed in K. pneumoniae,
where 15 μM FeSO4 was sufficient to increase survival of wild-type K. pneumoniae cells
to ~100%. We hypothesize that a higher level of PmrB stimulation may be needed to
increase survival, since the E. coli PmrB protein has high phosphatase activity. It is also
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possible that iron does not stimulate the E. coli PmrB protein as effectively as it does the
K. pneumoniae or Salmonella PmrB proteins.
In the presence of low magnesium, which has been shown to increase
transcription of pmrD in E. coli, survival of wild-type E. coli cells also did not increase,
suggesting that low magnesium without added iron is not sufficient stimulation of PhoQ
to activate PmrA through PmrD in E. coli. We found that the addition of 15 μM FeSO4
under low magnesium conditions increased survival of wild-type E. coli cells by more
than 10-fold, and pre-induction with 100 μM FeSO4 in the presence of low magnesium
further increased survival. To test whether this increase in survival was dependent on
PmrD, we grew wild-type and ΔpmrD cells in N-minimal medium pH 7.5 with 5 μM MgCl2
and measured polymyxin tolerance. We found that deletion of pmrD completely
suppressed the increase in survival when pre-induced with 15 μM FeSO4 (Fig. 3.5A). In
the presence of 100 μM FeSO4, deletion of pmrD decreased survival by ~2-fold. This
suggests that PmrD’s role in E. coli is most critical in the presence of PhoQ stimulation
and mild PmrB stimulation and becomes less important with higher levels of PmrB
stimulation. Since PmrD is less important for polymyxin survival in the presence of low
magnesium and 100 μM FeSO4, this would suggest that this concentration of iron is
sufficient to activate PmrB to increase polymyxin tolerance. However, we did not
observe the same level of protection for wild type grown in high magnesium with 100 μM
FeSO4, even though a previous report showed that this concentration of iron in LB
increases PmrA activity in wild-type E. coli cells (Hagiwara et al., 2004). These different
observations could reflect differences in growth conditions.
To determine the effect of these growth conditions on PmrA activity, we used a
plasmid fluorescent reporter for the PmrA-dependent arnB promoter, ParnB-gfp. For wildtype cells grown with 1 mM MgCl2, the presence of 100 μM FeSO4 did increase PmrA
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activity (Fig. 3.5B), but this increase was not sufficient to increase polymyxin tolerance.
Under low magnesium conditions, the addition of increasing amounts of iron increased
PmrA activity in wild-type cells, which is consistent with what we observed in the
polymyxin B sensitivity assay. When grown under low magnesium conditions, deletion of
pmrD decreased PmrA activity, even in the presence of 100 μM FeSO4 (Fig. 3.5B). The
level of PmrA activity in ΔpmrD cells grown in low magnesium with 100 μM FeSO4 was
still higher than that of wild-type cells grown in high magnesium with 100 μM FeSO4,
which may explain why we observed higher survival in the former condition.
In addition to iron, we also wanted to test the effect of stimulating PmrB with mild
acidity on arnB expression. Mild acidity has been shown to stimulate PhoQ indirectly in
E. coli MG1655 through the connector protein SafA (Eguchi et al., 2007; Eguchi et al.,
2012). However, we found a ~4-fold increase in PhoP activity in mild acidity that was
independent of SafA (Fig. S3.1). This differs from previously published results and may
be due to differences in experimental set-up, including medium, stage of growth,
magnesium concentration, and fluorescent reporters used. We found that wild-type cells
grown in N-minimal medium pH 5.8 had increased PmrA activity compared to those
grown at pH 7.5 (Fig. 3.6). Deletion of pmrD or phoP resulted in a large decrease in arnB
expression, which is consistent with a previous report that PmrD and PhoP are important
for the full induction of PmrA in E. coli (Hagiwara et al., 2004). We found that additional
activation of PhoP through deletion of mgrB or growth in low magnesium in low pH
further increased PmrA activity in a PmrD-dependent manner, suggesting that PmrD can
function as a connector when both PhoQ and PmrB are stimulated (Fig. S3.2 and S3.3).
We also wondered whether PmrD could function as a connector without
additional PmrB stimulation. We hypothesized that high stimulation of PhoQ may lead to
sufficiently high levels of PmrD to effectively prevent dephosphorylation of PmrA. To test
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this, we grew cells in N-minimal medium pH 7.5 with varying concentrations of
magnesium and measured PmrA activity using the ParnB-gfp reporter. PmrA activity was
low in wild type, even under low magnesium conditions. In a ΔmgrB strain, PmrA activity
increased when grown in 0.1 mM Mg+2 and further increased at 10 μM Mg+2, and this
increase in PmrA activity was dependent on PmrD (Fig. 3.7). These results suggest that
in E. coli, high stimulation of PhoQ through low magnesium and deletion of mgrB can
also enable PmrD to function as a connector between PhoQ/PhoP and PmrB/PmrA.
Discussion
Natural variation in the topology of the polymyxin resistance network can explain
the differences in the types of mutations that are observed among polymyxin-resistant
isolates of different genera within Enterobacteriaceae. Our work provides more insight
into how topology affects signal integration and activation of this network under different
environmental conditions in K. pneumoniae and in E. coli. We found that PmrD can in
fact function as a connector between PhoQ/PhoP and PmrB/PmrA in E. coli. PmrD’s
ability to function as a connector depends on the levels of PhoQ and PmrB stimulation,
both in Klebsiella and in E. coli. In Klebsiella, PmrD connector activity is most important
for polymyxin resistance when there is low PhoQ stimulation and mild PmrB stimulation.
In E. coli, PmrD can act as a connector when there is high PhoQ stimulation or a
combination of PhoQ and PmrB stimulation. While a previous report proposed that
PmrD’s activity under low-magnesium conditions may be partially independent of PhoP
(Rubin et al., 2015), we did not find evidence for a PhoP-independent role of PmrD in E.
coli.
The protein PmrD mediates cross-regulation between the PhoQ/PhoP and
PmrB/PmrA two-component systems, allowing bacteria to respond to signals that
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activate PhoQ or PmrB. This connection between PhoQ/PhoP and PmrB/PmrA is
influenced by several factors, including the level of PmrD activation by PhoP, PmrD’s
binding affinity for PmrA, and the ratio of PmrB’s kinase and phosphatase activities. In
addition, the effect of PmrD on the expression of various PmrA-regulated genes may
depend on PmrA’s binding affinities for the promoters of genes in its regulon. In K.
pneumoniae, PhoP’s binding affinity for the arnB promoter may also affect PmrD’s
connector activity. While the Salmonella PmrD protein has been shown to function as a
connector in low magnesium without iron, we found that deletion of mgrB in Salmonella
only conferred a small protective effect against polymyxin. This may be due to
differences in the level of PhoQ stimulation achieved by low magnesium compared to
that achieved by deletion of mgrB. It is also possible that the level of negative regulation
of pmrD by PmrA in Salmonella is different in high versus low magnesium.
We note that the PmrD homologs in Salmonella, E. coli, and K. pneumoniae only
share about 40% homology, which is lower than the homologies for the two-component
regulators PhoQ, PhoP, PmrB, and PmrA among these three genera. It is therefore very
likely that differences in PmrD activity also contribute to differences in network topology.
Indeed, while the inability of the E. coli PmrD protein to act as a connector has been
attributed to the higher phosphatase activity of the E. coli PmrB protein, the Salmonella
PmrD protein is able to function as a connector in E. coli, suggesting that there are
differences in the activities of the E. coli and Salmonella PmrD proteins. In addition, we
found that the K. pneumoniae PmrD protein was most important for polymyxin survival
when there was low PhoQ stimulation and intermediate PmrB stimulation. This could
indicate that the activities of the K. pneumoniae PmrD or PmrB proteins differ from those
of the E. coli PmrD or PmrB proteins. Alternatively, the expression of PmrD in the
presence of low PhoQ stimulation may be higher in K. pneumoniae than in E. coli.
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Notably, the gene pmrD is absent from the genomes of several Enterobacteriaceae,
including Yersinia pestis, Erwinia carotovara, and Serratia marcescens. In these bacteria
without PmrD orthologs, either PmrA, PhoP, or both response regulators can directly
activate transcription of the arnB operon. It would be interesting to see whether deletion
of mgrB could confer polymyxin resistance in Enterobacteriaceae without PmrD
homologs in which PhoP directly regulates the arnB operon, such as in Yersinia pestis.
The regulatory architecture in K. pneumoniae, which consists of direct activation
and indirect activation of arnB through a connector protein, can be described as a
feedforward connector loop. This network topology is characterized by fast activation
and slow deactivation of transcription, and it has been suggested that these kinetic
properties are important for bacterial physiology and survival (Mangan and Alon, 2003;
Mangan et al., 2003; Mitrophanov et al., 2008). However, our observation that deletion of
pmrD or pmrA had a small effect on polymyxin resistance in several conditions, such as
in a K. pneumoniae ΔmgrB strain, suggests that the kinetic properties associated with
this network motif is not critical for survival. Instead, we hypothesize that the role of this
network motif is to allow bacteria to modulate signal integration and to increase the
range of environmental conditions that can activate arnB transcription.
Our results also suggest that PhoP plays a more dominant role in polymyxin
resistance compared to PmrA in K. pneumoniae. We found that a K. pneumoniae ΔphoP
strain was more sensitive to polymyxin after pre-induction with mild acidity, compared to
a ΔpmrA strain. This is in contrast to what has been observed in Salmonella, in which
polymyxin resistance induced by mild acidity has been attributed primarily to PmrA
activity (Soncini and Groisman, 1996; Perez and Groisman, 2007). It is possible that in
K. pneumoniae, PhoQ is stimulated more than PmrB is by mild acidity. Alternatively, if
both PhoP and PmrA are activated to similar levels in mild acidity, the PhoP protein may
69

have a stronger binding affinity for the arnB promoter region than the PmrA protein does
and may outcompete PmrA. We also found that under high iron conditions, deletion of
phoP in K. pneumoniae still showed a significant decrease in survival compared to wild
type, even though survival was higher compared to that of a ΔphoP strain with no preinduction with iron. This may suggest that the direct regulation of arnB by PhoP still
contributes to polymyxin resistance under high iron conditions. It is also possible that
additional LPS modification genes regulated by PhoP are needed for full protection
against polymyxin. The PhoP-regulated gene lpxO, for example, has been shown to
contribute to the polymyxin resistance of a K. pneumoniae ΔmgrB strain (Kidd et al.,
2017). The dominant role of PhoP would be consistent with a previous report that
PhoQ/PhoP contributes more to lipid A modifications that promote survival in vivo
compared to PmrB/PmrA (Llobet et al., 2015). Taken together, our results suggest that
the feedforward connector loop may serve as a point of control for integrating various
environmental signals.
In addition to the cross-regulation between the PhoQ/PhoP and PmrB/PmrA twocomponent systems, there are other two-component systems that may cross-regulate
these systems and contribute to resistance to polymyxin and other antimicrobial
peptides. For example, the CrrB/CrrA two-component system found in some K.
pneumoniae has been shown to activate PmrB/PmrA through a small protein CrrC
(Cheng et al., 2016). Yet little is known about the environmental signals that activate the
sensor kinase CrrB, or how CrrC activates PmrB/PmrA. Interestingly, CrrC homologs are
present in other Enterobacteriaceae, including some E. coli, Enterobacter cloacae, and
Shigella flexneri, although this has not been identified as a mechanism of polymyxin
resistance in these bacteria. There is also evidence that there may be cross-regulation
between the PhoQ/PhoP system and the Rcs system in Salmonella and in K.
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pneumoniae, which is activated by antimicrobial peptides and leads to increased capsule
expression (Farris et al., 2010; Llobet et al., 2011). These regulators respond to different
environmental signals, indicating that various lipid A modifications are important for
survival in many different environments.
While our data showed that the arnB gene is critical for polymyxin resistance in
K. pneumoniae, there are other lipid A modifications that have been shown to contribute
to polymyxin resistance. We found that deletion of pmrC did not affect the MIC of a K.
pneumoniae ΔmgrB strain, which is consistent with a previous finding (Kidd et al., 2017).
Yet constitutive expression of phosphoethanolamine is sufficient for polymyxin
resistance, as observed with strains carrying plasmids with the mcr-1 gene (Liu et al.,
2016). Furthermore, a recent study showed that Salmonella cells whose lipid A is
decorated with both aminoarabinose and phosphoethanolamine were more resistant to
polymyxin than Salmonella with lipid A decorated with aminoarabinose alone (Hong et
al., 2018). It is possible that the MIC assay was not sensitive enough to detect the effect
of deleting pmrC in a K. pneumoniae ΔmgrB strain, or that the level of
phosphoethanolamine modification in a ΔmgrB strain was not sufficiently high to
contribute to polymyxin resistance. In addition to phosphoethanolamine, other LPS
modifications have been shown to contribute to polymyxin resistance, including acylation
and 2-hydroxymyristate (Tran et al., 2005; Kawasaki et al., 2007; Kidd et al., 2017; Mills
et al., 2017).
This study shows how the role of connector proteins depends on network
topology and environmental conditions. Bacteria are frequently sensing multiple
environmental signals at the same time, so it is important to understand how they
integrate these signals and activate adaptive responses. In the context of infections, for
example, it is likely that bacteria encounter mild acidity and cationic antimicrobial
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peptides, and possibly iron. The levels of iron used in this study may well be within the
physiological range of iron in human serum, although it is difficult to determine the level
of free iron in the blood (Huebers et al., 1987; Siek et al., 2002; Yamanishi et al., 2003).
There may also be other environmental signals that have not been identified yet that
stimulate PmrB or PhoQ in host or non-host environments. It is also important to note
that inactivation of mgrB in K. pneumoniae has not been associated with a significant
cost to fitness, which may contribute to the high frequency of polymyxin resistance in K.
pneumoniae (Cannatelli et al., 2015). Future work identifying potential fitness costs
associated with constitutive expression of LPS modifications in different bacteria is
critical for slowing the spread of polymyxin resistance.
Methods
Strains and Plasmids
Strains, plasmids, and primers are listed in Tables 3.3, 3.4, and 3.5, respectively. E. coli
strains were derived from E. coli K-12 strain MG1655 (CGSC #7740), S. Typhimurium
strains were derived from S. Typhimurium 14028s, and K. pneumoniae strains were
derived from K. pneumoniae MGH 78578 (ATCC 700721). Plasmid pTNS3 was a gift
from Joanne Goldberg.
Media and growth conditions
Cultures were grown aerobically at 37 °C in LB medium or in N-minimal medium (0.1 M
Bis-Tris, pH 7.5 or 5.8, 5 mM KCl, 7.5 mM (NH4)2SO4, 0.5 mM K2SO4, and 1 mM
KH2PO4) containing 0.2% glucose, 0.1% casamino acids, and the indicated
concentrations of MgCl2 and FeSO4. LB (Miller) agar was used for growth on solid
medium. The antibiotics streptomycin, kanamycin, carbenicillin, and apramycin were
used at concentrations of 100 μg/mL, 25 μg/mL, 100 μg/mL and 50 μg/mL, respectively,
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unless otherwise indicated. Diaminopimelic acid (DAP) was used at a concentration of
0.3 mM.
Strain Construction
E. coli
Gene deletions in E. coli were transferred to strains by transduction with P1vir (Miller,
1992). Antibiotic resistance cassettes flanked by FLP recombinase target (FRT) sites
were removed using pCP20 (Cherepanov and Wackernagel, 1995).
S. Typhimurium
Gene deletions in S. Typhimurium were constructed by replacing the gene of interest
with FRT-cat-FRT by lambda red recombineering using the helper plasmid pKD46 and
pKD3 as the template for FRT-cat-FRT as described in (Datsenko and Wanner, 2000).
Deletions were transferred to a fresh 14028s background by transduction with P22
phage. Transductants were streaked on green indicator plates (10 g/L trypyone, 5 g/L
yeast extract, 5 g/L NaCl, 15 g/L agar, 0.25% glucose, 0.5% K2HPO4, 0.00125%
methylene blue, and 0.0025% sodium fluorescein) to select for nonlysogens (Lopez et
al., 2012).
K. pneumoniae
Gene deletions in K. pneumoniae were constructed by replacing the gene of interest with
FRT-Apra-FRT by lambda red recombineering using pACBSR-Hyg as described in
(Huang et al., 2014). Plasmid pAC25 was used as the template for the FRT-Apra-FRT
cassette. Antibiotic resistance cassettes flanked by FLP recombinase target (FRT) sites
were removed using pFLP-Hyg.
Complementation of K. pneumoniae ΔmgrB
The K. pneumoniae ΔmgrB mutant was complemented using Tn7-based chromosomal
integration as previously described with some modifications (Choi et al., 2005; Peters et
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al., 2019). The mating strain MFDpir was transformed with pTNS3, which contains the
Tn7 transposition pathway. The transposon plasmid, either pAC36 or pAC40, was
transformed into PIR2. pRK2013 was used as a conjugation helper plasmid, since PIR2
does not contain the conjugation machinery. The three donor strains and the recipient
strain were grown in LB overnight with the appropriate antibiotic and DAP (for MFDpir).
One hundred microliters of each strain were added to 600 μL of LB and mixed by
pipetting. Mixes were spun down at 7000g for 2 minutes, washed twice with 1 mL of LB,
resuspended in 30 μL of LB and spotted on LB agar containing 0.3 mM DAP.
Conjugations were incubated at 37 °C for 6 hours. Conjugations were scraped using a
wooden stick and resuspended in 1 mL 1X PBS. A volume of 100 μL was spread on LB
agar containing 50 μg/mL apramycin and 25 μg/mL chloramphenicol to select for the
recipient strain with integration of the Tn7 transposon. Integration at the attTn7 site
downstream of the glmS gene was confirmed using primers Kp-attTn7-glmS-F and KpattTn7-pstS-R (Crepin et al., 2012).
Plasmid Construction
Plasmid pAC25 was constructed by FLP’ing out Kan from pKD13 and FLP’ing in Apra
using pFLP-Hyg. Plasmid pAC25 was confirmed by sequencing using the primer
oriR6Kseqprim1. Plasmid pAC27 was constructed by FLP’ing out Kan from
pUC18R6KT-mini-Tn7T-Km and FLP’ing in Apra using pFLP-Hyg. Plasmid pAC27 was
confirmed by sequencing using primers pAH125-MCS-u2 and pZE12-luc-rev. Plasmid
pAC36 was constructed by first amplifying pAC27 without the ampicillin resistance gene
and without the FRT-Apra-FRT in two PCR reactions. The first PCR product was
generated by amplifying pAC27 using primers pAC27-Gibson-P1 and pAC27-Gibson-P2.
The second PCR product was generated by amplifying pAC27 using primers pAC27Gibson-P3 and pAC27-Gibson-P4. These two PCR products were joined by overlap
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extension PCR using primers pAC27-Gibson-P1 and pAC27-Gibson-P4. The FRT-ApraFRT cassette was amplified from pAC25 using primers pAC25-pAC27-u1 and pAC25pAC27-l1. The overlap extension PCR product and the FRT-Apra-FRT cassette were
ligated using Gibson assembly using the NEBuilder HiFi DNA Assembly Master Mix
(NEB #E2621) (Gibson et al., 2009). Plasmid pAC36 was confirmed by sequencing
using primers pUC18R6K-seq-u1 and lacZ-Nterm-u1. Plasmid pAC40 was constructed
by cloning the K. pneumoniae MGH 78578 mgrB with its native promoter into pAC36
using Gibson assembly. The insert was amplified from MGH 78578 genomic DNA using
primers mgrB-pAC36-Gibson-u1 and mgrB-pAC36-Gibson-l1. The vector pAC36 was
digested with NruI and NsiI, and the linearized vector and insert were ligated using
Gibson assembly. Plasmid pAC40 was confirmed by sequencing using the primers
pAC27-Gibson-P1 and pZE12-luc-rev.
Fluorescence quantification
Strains were grown overnight in N-minimal medium pH 7.5 with 1mM MgCl2 to saturation
at 37 °C. Cultures were diluted 1:1000 into fresh medium at the indicated pH and
concentrations of MgCl2 and FeSO4 in plastic culture tubes and grown to an OD600 ~ 0.30.4. Streptomycin was added at a final concentration of 100 μg/mL, and cultures were
put on ice. Measurements of GFP fluorescence was made using a Photon Technology
International (PTI) fluorometer. Background fluorescence from the medium was
subtracted from each fluorescence measurement. Fluorescence was then divided by
OD600 to normalize by cell density, and background fluorescence from non-fluorescent
cells, measured from the strain MG1655 containing pWKS130, a control plasmid without
gfp, was subtracted from each measurement. For Fig. S3.1, fluorescence was measured
using single-cell fluorescence microscopy as described in (Miyashiro and Goulian,
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2007b). Six microliters of cultures were immobilized on 1% agarose pads. Fluorescence
was quantified using in-house scripts in LabView.
Minimum inhibitory concentration assay
Minimum inhibitory concentrations (MIC) of polymyxin B were determined by a broth
microdilution assay as described by CLSI (CLSI, 2012). Briefly, cells were grown
overnight in Mueller-Hinton broth (MHB) to saturation at 37 °C. Cultures were diluted
1:1000 into cation-adjusted MHB (MHB with 20-25 mg/L Ca+2 and 10-12.5 mg/L Mg+2)
and grown to OD600 ~ 0.3-0.4. Cells were diluted 1:150 in CAMHB, and 50 μL was added
to a 96-well microtiter plate containing two-fold dilutions of polymyxin B. The microtiter
plate was incubated on a shaking plate at 37C overnight, and the MIC was determined
based on turbidity.
Polymyxin B susceptibility assay
Strains were grown overnight in N-minimal medium pH 7.5 with 1mM MgCl2 to saturation
at 37 °C. Cultures were diluted 1:1000 into fresh medium at the indicated pH and
concentrations of MgCl2 and FeSO4 in plastic culture tubes and grown to an OD600 ~ 0.30.4. Cultures were diluted 1:200 into Eppendorf tubes (pre-incubated at 37 °C for at least
one hour) containing 1 mL 1X PBS + 1 mM MgCl2 with and without 1 μg/mL polymyxin B
and incubated at 37 °C for one hour. After one hour, serial dilutions in 1X PBS were
plated in triplicate on LB + 40 mM MgCl2 and incubated overnight at 30 °C. Percent
survival was calculated by dividing the number of colony forming units (CFUs) for
samples treated with polymyxin by those corresponding to untreated samples and
multiplying by 100.
Frequency of spontaneous polymyxin B resistance
Strains were grown in LB overnight at 37 °C. A volume of 50 μL was spread on LB
containing 10 μL PMB and incubated at 37 °C overnight. The initial number of cells
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plated was calculated by plating serial dilutions of the overnight culture in triplicate on LB
agar. The frequency was calculated as the number of spontaneous polymyxin-resistant
colonies divided by the initial number of cells plated.
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A. In S. enterica, PmrD has been shown to function as a
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connector between PhoQ/PhoP and PmrB/PmrA. PmrA also negatively regulates
transcription of PmrD. B. In E. coli, it is thought that PmrD cannot act as a connector
protein. C. In K. pneumoniae, PmrD can function as a connector, and PhoP can also
directly regulate transcription of the arnB operon.
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may have been over 100% due to pipetting error or the completion of a round of

replication during the killing assay. Horizontal lines represent the medians pooled from
two independent experiments, and each dot represents a biological replicate. Strains
used: ACK9, ACK21, ACK20, and ACK28.
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ACK26, and ACK51.
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Figure
3.5. Stimulation
of PmrB with
iron allows
the E. coli PmrD protein to act as
:&+4&&0'25/;<25/2
.0='2,%3<2,%>
$0=&%'-/4'?#

0,&&1#$,2,#324$.#%.#5(6%.%6-&#6,'%76#+8#9":#$%);#);,#%.'%0-),'#04.0,.)2-)%4.1#4<#=3>&? -.'#@,ABC#
D,<42,#)2,-)6,.)#$%);#E#F3G6H#+4&*6*I%.#J"#J"#>,&&1#$,2,#324$.#-1#',102%D,'#%.#@%3"#:!"#K62!
a connector
between PhoQ/PhoP and PmrB/PmrA under low Mg+2 conditions.
-0)%L%)*#$-1#6,-172,'#71%.3#-#+&-16%'#<&742,10,.)#2,+42),2#<42#);,#,*-. +2464),2"#842%M4.)-&#&%.,1#
2,+2,1,.)#);,#6,'%-.1#+44&,'#<246#%.',+,.',.)#,I+,2%6,.)1N#-.'#,-0;#'4)#2,+2,1,.)1#-#D%4&43%0-&#
(3<+N#-.'#
2,+&%0-),"#A)2-%.1#71,'O#!P#=QER::#-.'#!S>?CET#JP#=QER::G+UVAEWXN#=QER::G+K
coli wild-type
and ΔpmrD cells were grown in N-minimal medium pH,*-.7.5
with the
!S>?CEG+K,*-.(3<+"

A. E.

indicated concentrations of MgCl2 and FeSO4 before treatment with 1 μg/mL polymyxin
B. B. Cells were grown as described in Fig. 5A. PmrA activity was measured using a
plasmid fluorescent reporter for the arnB promoter. Horizontal lines represent the
medians pooled from independent experiments, and each dot represents a biological
replicate. Strains used: A) MG1655 and AIC241; B) MG1655/pWKS130, MG1655/pParnBgfp, and AIC241/pParnB-gfp.
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Figure"/-1D/085*#*10)+#-)!-)+)08#89)#4)6150+#!//*)6#C-/4#8,/#/-#89-))#106)!)06)08#)>!)-14)08+E#506#)5(9#
3.6. The E. coli PmrD protein can function as a connector under mildly
6/8#-)!-)+)08+#5#F1/*/.1(5*#-)!*1(58)%#G8-510+#7+)6H#;I:J$$K!LMG:NOE#;I:J$$K!?()*+3.C!E#
@P<=Q:K!?()*+3.C!E#@P<=OQK!?()*+3.C!E#506#RP;:NJK!?()*+3.C!%

acidic conditions. E. coli cells were grown in N-minimal medium pH 7.5 or pH 5.8 with
1 mM MgCl2 to exponential phase. PmrA activity was measured using a plasmid
fluorescent reporter for the arnB promoter. Horizontal lines represent the medians
pooled from independent experiments, and each dot represents a biological replicate.
Strains used: MG1655/pWKS130, MG1655/pParnB-gfp, AIC241/pParnB-gfp, AIC204/pParnBgfp, and TIM136/pParnB-gfp.
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Figure
3.7. High stimulation of PhoQ
via deletion of mgrB and low Mg can also
&+78%78"%+*0+9/7"0%9)*9"*7'/7+)*$%):%;(!#
<5%=.'> /97+?+7@%&/$%."/$1'"0%1$+*(%/%2#/$.+0%
:#1)'"$9"*7%'"2)'7"'%:)'%78"%!"#$ 2').)7"'5%3)'+A)*7/#%#+*"$%'"2'"$"*7%78"%."0+/*$%2))#"0%:').%
+*0"2"*0"*7%"B2"'+."*7$C%/*0%"/98%0)7%'"2'"$"*7$%/%D+)#)(+9/#%'"2#+9/7"5%E7'/+*$%1$"0F%
lead to
activation of PmrA through PmrD in E. coli. Cells were grown in N-minimal
;GHI66J2KLEHMNC%;GHI66J2=!"#$-(:2C%;;OH66J2=!"#$-(:2C%/*0%>P!<QHJ2=!"#$-(:25

medium pH 7.5 with the indicated concentration of MgCl2. PmrA activity was measured
using a plasmid fluorescent reporter for the arnB promoter. Horizontal lines represent the
medians pooled from independent experiments, and each dot represents a biological
replicate. Strains used: MG1655/pWKS130, MG1655/pParnB-gfp, MMR155/pParnB-gfp,
and AIC241/pParnB-gfp.
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Figure S3.1.
acidity
increases PhoP activity in a SafA-independent manner in
>%/*0%?9)?
/!8+@+8A%&/$%.)*+8)'"0%1$+*(%/%2#/$.+0%B#1)'"$!"*8%'"2)'8"'%B)'%89"%()%*
;(<#=Mild
2').)8"'5%3)'+C)*8/#%#+*"$%'"2'"$"*8%89"%."0+/*$%B').%$+*(#"-!"##%."/$1'"."*8$%+*%)*"%
-(B2>%/*0%LM;:NHI2?
-(B251mM MgCl2,
()%*-(B2>%EJ;:HKI2?
E. coli. E."D2"'+."*85%E8'/+*$%1$"0F%;G:H66I2?
coli cells were grown in N-minimal
medium()%*
pH
7.5 or pH 5.8()%*
with

and PhoP activity was monitored using a plasmid fluorescent reporter for the phoP
promoter. Horizontal lines represent the medians from single-cell measurements in one
experiment. Strains used: MG1655/pPphoP-gfp, SAM160/pPphoP-gfp, and TIM136/pPphoPgfp.
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.)A3<"
A%2*($&>$+7"($3*(7$(!"B7(0,+&"2&$1C":D9E66F3GHB9IJ<":D9E66F3=
!"#$.)A3<"KL:9IEF3=
S3.2.
Deletion of mgrB increases pmrD expression.
Cells were!"#$
grown
::M966F3=!"#$.)A3<"0+1"NL#;OJF3=!"#$.)A3!

in N-

minimal medium pH 7.5 with 1 mM MgCl2, and PhoP activity was monitored using a
pmrD fluorescent reporter. Strains used: MG1655/pWKS130, MG1655/pPpmrD-gfp,
TIM136/pPpmrD-gfp, MMR155/pPpmrD-gfp, and AIC240/pPpmrD-gfp.
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Figure
S3.3. Additional
stimulation of)*++,#-*.*#/.0-1#21#34521256+#5*7285#9:#;"(#0.#("<#-2=>#
PhoQ in mild acidity further increases PmrA
9.050=*."#E"#!"#$%&'
$%&'((#-2+74=D9*#0.#F,-)+
&#5$ $/@+A"#@"#@*++,#-*.*#/.0-1#21#34521256+#5*7285#9:#("<#-2=>#&#5$ 0.#G"GG(#5$ $/@+A"#H"#@*++,#
-*.*#/.0-1#21#34521256+#5*7285#9:#("<#-2=>#&#5$ $/@+A"#:0.2I01=6+#+21*,#.*9.*,*1=#=>*#5*7261,#900+*7#
activity.
A. E. coli MG1655 cells were grown in N-minimal medium pH 7.5 or 5.8 with the
?.05#=-0#0.#=>.**#217*9*17*1=#*J9*.25*1=,K#617#*6)>#70=#.*9.*,*1=,#6#L20+0/2)6+#.*9+2)6=*"#M=.621,#8,*7N#
!O#$%&'((P9QRM&SG#617#$%&'((P9B()*+4/?9T#EO#$%&'((P9QRM&SGK#$%&'((P9B()*+4/?9K#617#
4/?9K#!V@AW&P9B
$$U&((9B
indicated
concentration
of MgCl2. PmrA activity
measured
using a plasmid
()*+4/?9T#@O#$%&'((P9QRM&SGK#$%&'((P9B
()*+was
()*+4/?9K#!V@AGWP9B
()*+4/?9K#617#
XV$&S'P9B()*+4/?9T#HO#$%&'((P9QRM&SGK#$%&'((P9B()*+4/?9K#$$U&((P9B()*+4/?9K#!V@AWAP9B()*+4/?9K#
!V@ASYP9B()*+4/?9K#617#!V@AWGP9B()*+4/?9"

fluorescent reporter for the arnB promoter. B. E. coli MG1655 wild-type or ΔmgrB cells

were grown in N-minimal medium pH 7.5 or 5.8 with 1 mM MgCl2. C. Cells were grown in
N-minimal medium pH 5.8 with 1 mM or 0.005 mM MgCl2. D. Cells were grown in Nminimal medium pH 5.8 with 1 mM MgCl2. Horizontal lines represent the medians pooled
from two or three independent experiments, and each dot represents a biological
replicate. Strains used: A) MG1655/pWKS130 and MG1655/pParnB-gfp; B)
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MG1655/pWKS130, MG1655/pParnB-gfp, and MMR155pParnB-gfp; C) MG1655/pWKS130,
MG1655/pParnB-gfp, AIC241/pParnB-gfp, AIC204/pParnB-gfp, and TIM136/pParnB-gfp; D)
MG1655/pWKS130, MG1655/pParnB-gfp, MMR155/pParnB-gfp, AIC242/pParnB-gfp,
AIC239/pParnB-gfp, and AIC240/pParnB-gfp.
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Table 3.1. Minimum inhibitory concentration of polymyxin B (μg/mL)
Strain

E. coli MG1655
E. coli ΔmgrB
S. Typhimurium 14028s
S. Typhimurium 14028s ΔmgrB
K. pneumoniae MGH 78578 (Kp
WT)
Kp ΔmgrB
Kp ΔmgrB attTn7::mgrB
Kp ΔmgrB ΔpmrD
Kp ΔmgrB ΔpmrA
Kp ΔmgrB ΔphoP
Kp ΔmgrB ΔarnB
Kp ΔmgrB ΔpmrC
Kp ΔpmrD
Kp ΔpmrA
Kp ΔphoP

Minimum inhibitory
concentration of
polymyxin B
(μg/mL)
1
1
2
4
2
32-64
2
32-64
32-64
2
2
32-64
2
2
2
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Table 3.2. Frequency of spontaneous polymyxin B resistance
Strain
E. coli MG1655
S. Typhimurium 14028s
K. pneumoniae MGH
78578
Kp ΔpmrD
Kp ΔpmrA
Kp ΔphoP

Frequency (x1E-9)
Below limit of
detection
4 ± 0.3
1190 ± 489
740 ± 140
1060
1.8 ± 2.5
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Table 3.3 Strains used in Chapter 3.
Strain
E. coli
MG1655(Seq)

Relevant Genotype

Reference or Source

F- λ- ilvG rfb-50 rph-1

AFS135

MG1655 ΔpmrA::(FRTKan-FRT)
MG1655 ∆pmrA::FRT

E. coli Genetic Stock
Center (CGSC no. 7740)
Goulian lab stock

AIC204

AIC234
AIC235
AIC237
AIC238
AIC239

MG1655 ΔpmrD::(FRTKan-FRT)
MG1655 ∆mgrB::FRT
ΔpmrD::(FRT-Kan-FRT)
MG1655 ∆mgrB::FRT
ΔpmrA::(FRT-Kan-FRT)
MG1655 ∆mgrB::FRT
ΔphoP::(FRT-Kan-FRT)
MG1655 ∆mgrB::FRT
∆pmrA::FRT

AIC240

MG1655 ∆mgrB::FRT
∆phoP::FRT

AIC241

MG1655 ∆pmrD::FRT

AIC242

MG1655 ∆mgrB::FRT
∆pmrD::FRT

AIC243

MG1655 ∆safA::FRT
ΔpmrD::(FRT-Kan-FRT)
MG1655 ∆safA::FRT
∆pmrD::FRT

AIC245

AIC257
AIC258

MG1655 ∆phoP::FRT
ΔpmrD::(FRT-Kan-FRT)
MG1655 ∆phoP::FRT
∆pmrD::FRT
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This study (removal of
antibiotic resistance
cassette from AFS135 with
pCP20)
This study P1vir(JW2254) X
MG1655
This study P1vir(JW2254) X
MMR155
This study P1vir(JW4074) X
MMR155
This study P1vir(JW1116) X
MMR155
This study (removal of
antibiotic resistance
cassette from AIC237 with
pCP20)
This study (removal of
antibiotic resistance
cassette from AIC238 with
pCP20)
This study (removal of
antibiotic resistance
cassette from AIC234 with
pCP20)
This study (removal of
antibiotic resistance
cassette from AIC235 with
pCP20)
This study P1vir(JW2254) X
SAM160
This study (removal of
antibiotic resistance
cassette from AIC243 with
pCP20)
This study P1vir(JW2254) X
TIM136
This study (removal of
antibiotic resistance
cassette from AIC257 with
pCP20)

MMR155
SAM160
TIM136
JW1116
JW2254
JW4074
MFDpir

PIR2

K. pneumoniae
MGH 78578
ACK7
ACK9

ACK13
ACK14
ACK18
ACK20

MG1655 ∆mgrB::FRT
MG1655 ∆safA::FRT
MG1655 ∆phoP::FRT
ΔphoP::(FRT-Kan-FRT)
ΔpmrD::(FRT-Kan-FRT)
ΔpmrA::(FRT-Kan-FRT)
MG1655 RP4-2Tc::[ΔMu1::aac(3)IVΔaphA-Δnic35-ΔMu2::zeo]
ΔdapA::(erm-pir) ΔrecA
F- Dlac169 rpoS(Am)
robA1 creC510 hsdR514
endA recA1 uidA(DMlu
I)::pir

Goulian lab stock
Goulian lab stock
Goulian lab stock
(Baba et al., 2006)
(Baba et al., 2006)
(Baba et al., 2006)
(Ferrieres et al., 2010)

wild type
MGH 78578 ΔmgrB::(FRTApra-FRT)
MGH 78578 ΔmgrB::FRT

ATCC
This study

MGH 78578 ΔmgrB::FRT
ΔpmrA::(FRT-Apra-FRT)
MGH 78578 ΔmgrB::FRT
ΔpmrD::(FRT-Apra-FRT)
MGH 78578 ΔpmrD::(FRTApra-FRT)
MGH 78578 ΔmgrB::FRT
ΔpmrA::FRT

ACK21

MGH 78578 ΔmgrB::FRT
ΔpmrD::FRT

ACK25

MGH 78578 ΔpmrD::FRT

ACK47

MGH 78578 ΔmgrB::FRT
attTn7::mini-Tn7, ApraR

ACK48

MGH 78578 ΔmgrB::FRT
attTn7::mini-Tn7 with PmgrBmgrB, ApraR
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Invitrogen

This study (removal of
antibiotic resistance
cassette from ACK7 with
pFLP-Hyg)
This study
This study
This study
This study (removal of
antibiotic resistance
cassette from ACK13 with
pFLP-Hyg)
This study (removal of
antibiotic resistance
cassette from ACK14 with
pFLP-Hyg)
This study (removal of
antibiotic resistance
cassette from ACK18 with
pFLP-Hyg)
This study (See Methods
for details on Tn7-based
integration)
This study (See Methods
for details on Tn7-based
integration)

Salmonella enterica
serovar Typhimurium
14028s
DMS1445
ACS8

wild type
DMS1445 ΔmgrB::(FRTcat-FRT)
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From D. Schifferli
(Miller and Mekalanos,
1990)
This study

Table 3.4 Plasmids used in Chapter 3.
Plasmid

Genotype

pAC25
pAC27

Contains FRT-Apra-FRT, oriR6K
Derivative of pUC18R6KT-mini-Tn7T-Km;
Suicide delivery vector containing mini-Tn7
base elements with FRT-Apra-FRT
selectable marker
pAC27 without AmpR with FRT-Apra-FRT
reading towards transcriptional terminators
pAC36 with K. pneumoniae MGH 78578
mgrB promoter and gene
Contains arabinose-inducible lambda red
recombinase genes, HygR, p15A origin
lcI857(ts) repA101(ts) oriR101 lpR-FLP bla
cat

pAC36
pAC40
pACBSR-Hyg
pCP20
pFLP-Hyg
pKD3

p15A replicon, contains FLP recombinase,
HygR
Contains FRT-cat-FRT, oriR6K

pKD13

Contains FRT-Kan-FRT, oriR6K

pKD46
pMDIAI
pParnB-gfp

Contains arabinose-inducible lambda red
recombinase genes, AmpR, oriR6K
Contains FRT-Apra-FRT, ColE1 origin
Reporter for E. coli arnB promoter

pPpmrD-gfp

Reporter for E. coli pmrD promoter

pRK2013

Helper plasmid for conjugation

pTNS3

A mobilizable helper plasmid containing Tn7
transposition pathway
pUC18R6KT- Suicide delivery vector containing mini-Tn7
mini-Tn7T-Km base elements with FRT-Kan-FRT
selectable marker
pWKS130
Control plasmid without gfp, KanR
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Reference or
Source
This study
This study

This study
This study
(Huang et al.,
2014)
(Cherepanov and
Wackernagel,
1995)
(Huang et al.,
2014)
(Datsenko and
Wanner, 2000)
(Datsenko and
Wanner, 2000)
(Datsenko and
Wanner, 2000)
(Yang et al., 2014)
(Zaslaver et al.,
2006)
(Zaslaver et al.,
2006)
(Figurski and
Helinski, 1979)
J. Goldberg
(Choi et al., 2008)
(Choi and
Schweizer, 2006)
(Wang and
Kushner, 1991)

Table 3.5. Primers used in Chapter 3.
Primer

Sequence

Kp-arnB-check-F
Kp-arnB-check-R
Kp-arnB-LRed-F

Kp-attTn7-glmS-F

5' GTGGTCGAGATACCCTGAAATGG 3'
5' CTGCTGCCATCGTCGATCAACAG 3'
5'
ATATTTTATTCTAACGACCCAGATTCGTGCGTG
GGTCATCTACAGAACAGGATGATGATGATTCCG
GGGATCCGTCGACC 3'
5' TCGTTATAAACCGGGATAACCACCGAGACCT
TCTTCACGGGAGGGTAAGTAAGCATATCATGTA
GGCTGGAGCTGCTTC 3'
5' ACATGCACATCATTGAGATGCCGC 3'

Kp-attTn7-pstS-R

5' ATCTGCTTAACGCCACCAGAGGAA 3'

Kp-mgrB-check-F
Kp-mgrB-check-R
Kp-mgrB-LRed-F

5' GATGCCTCATTATTTGTATGATCCCTG 3'
5' CAACAGACCGACAAGCAGCAGCGC 3'
5'
GCGGTTTAAGAAGGCCGTGCTATCCTGGCGAC
ATTGCGTACTGATGCGGAGAGTGGAGTGATTCC
GGGGATCCGTCGACC 3'
5'
AAGGCGTTCATTCTACCACCCGCGGCGCAGAA
GGAAATCAGTCGGCAGAAAAATGTCTTATGTAG
GCTGGAGCTGCTTC 3'
5' GAAACATGTGCCGATGGCGCTGTG 3'
5' CTGGATCTGCTCTTTGCTCTCATGCC 3'
5'
CACCCGCGAGTACCAGGCGGCAGATGATATCT
TAACGCCATGTAGAGAGGCTGGTTGATGATTCC
GGGGATCCGTCGACC 3'
5'
GGTCAGCAGCAGCCGGTGGCGCATGGTCCAG
GTTTCAGTTGCAAACAGAGCCATGGTCTATGTA
GGCTGGAGCTGCTTC 3'
5' CGGTTGGTGATCCAGACGCCGCTGGA 3'
5' CACGATCAGGCTGTAATGATTGCTGG 3'
5'
CCTTAAAATCTTAAGGTTGTCTTAAAATAGGGCT
GGCACTATACCCTCATCTTTTTCTGTGGGATTC
CGGGGATCCGTCGACC 3'
5'
TCGCCAGAATTAACCCCTGCAACAGCAGCGCAT
CGTCTTCAATGACTAAGATTTTCATCATGTAGGC
TGGAGCTGCTTC 3'
5' CAAATTAAACCCGGCAGATCATTGCC 3'

Kp-arnB-LRed-R

Kp-mgrB-LRed-R

Kp-pmrA-check-F
Kp-pmrA-check-R
Kp-pmrA-LRed-F

Kp-pmrA-LRed-R

Kp-pmrC-check-F
Kp-pmrC-check-R
Kp-pmrC-LRed-F2

Kp-pmrC-LRed-R

Kp-pmrD-check-F
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Reference
or Source
This study
This study
This study

This study
(Crepin et
al., 2012)
(Crepin et
al., 2012)
This study
This study
This study

This study

This study
This study
This study

This study

This study
This study
This study

This study

This study

Kp-pmrD-check-R
Kp-pmrD-LRed-F
Kp-pmrD-LRed-R

lacZ-Nterm-u1
mgrB-pAC36Gibson-u1
mgrB-pAC36Gibson-l1
mgrB_14028_LRed
_u1
mgrB_14028_LRed
_l1
mgrB_14028_LRed
check_u1
mgrB_14028_LRed
check_l1
oriR6Kseqprim1
pAC25-pAC27-u1

5' GTCAGACTGGCGGCCTTGATATTC 3'
5' GAATTTATCTGTCAAATGCGACGATACTCAGA
CCATAACCAGTAAAAGGAGCGGGCTCGTGTTAT
GTAGGCTGGAGCTGCTTC 3'
5'
GGTTGTCTTAAAATAGGGCTGGCACTATACCCT
CATCTTTTTCTGTGGGTGTGCATTATGATTCCG
GGGATCCGTCGACC 3'
5’ GCAGCCTGAATGGCGAATGG 3’
5'
GGAATAGAGCGCTTTTGAAGCTAATTCGAGTGA
TGCCTCATTATTTGTATGATCC 3'
5'
GAACTAGATTTCACTTATCTGGTTGGCCTGCCA
GTCGGCAGAAAAATGTCTTAC 3'
5’
GTAACTCATGATAATTTAGCGACATAAGATGTAA
GATCGGAGAGTGGAGTGTAGGCTGGAGCTGCT
TC 3’
5’
GACGTCATTCTACCACTGCTACACGGGAAGGAA
ATCTCTGGTGTAAAACGTCATATGAATATCCTCC
TTAG 3’
5'
GAGTAGCGTGTACATTGATTGAAACAAGTGAAT
C 3'
5'
CCACCAGAACCACCATTGATACTATTAAAGATG
C 3'
5’ GACACAGGAACACTTAACGGC 3’

pAH125-MCS-u2

5’
CGGCCCGGACGATCTCGAATTGGGGATCTTTG
TAGGCTGGAGCTGCTTC 3’
5’
CATGATCTCGAATTAGCTTCAAAAGCGCTCTATT
CCGGGGATCCGTCGACC 3’
5' AGAGCGCTTTTGAAGCTAATTCGAG 3'
5' CTGCGCGTAATCTGCTGCTTGC 3'
5' TTTTGTTTGCAAGCAGCAGATTACGCGCAGC
ACATTTCCCCGAAAAGTG 3'
5' GCCTACAAAGATCCCCAATTCGAGATCGTCC
GG 3'
5’ CCTTTCGTTTTATCTGTTGTTTGTCGGTGA 3’

pUC18R6K-seq-u1
pZE12-luc-REV

5' CAGTTATTGGTGCCCTTAAACGCCTG 3'
5' TGATACCGCTCGCCGCAGCCGAA 3'

pAC25-pAC27-l1
pAC27-Gibson-P1
pAC27-Gibson-P2
pAC27-Gibson-P3
pAC27-Gibson-P4
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This study
This study
This study

Goulian lab
stock
This study
This study
This study

This study

This study
This study
Goulian lab
stock
This study
This study
This study
This study
This study
This study
Goulian lab
stock
This study
This study

CHAPTER 4: Future Directions
This work furthers our understanding of how bacteria sense and respond to
various environmental stresses. In Chapter 2, we showed that RpoS is a critical
component of the network enabling E. coli to survive dehydration, and that several
regulators of RpoS also play key roles. In Chapter 3, we determined that, contrary to
previous reports, PmrD can function as a connector between the PhoQ/PhoP and
PmrB/PmrA two-component systems in E. coli and that PmrD connector activity depends
on environmental conditions in K. pneumoniae and in E. coli. However, there are still
many open questions regarding how bacteria survive dehydration and how the
polymyxin resistance network is regulated in Enterobacteriaceae.
Mechanisms of dehydration survival in E. coli
While we found several regulators that promote dehydration survival in E. coli,
we were unable to identify specific effectors. We tested a number of candidate genes
(see Chapter 2) as well as genes in the Crl-RpoS regulon (data not shown) but did not
find a role for the genes that we tested. Since we only tested one deletion at a time, it is
possible that there is some redundancy among effectors or that a single gene only
confers a small amount of protection that could not be detected in the assay we used.
Previous studies suggest that there are several stresses associated with the process of
dehydration and rehydration, including osmotic stress, envelope stress, and oxidative
stress (Potts, 1994). We therefore hypothesize that effectors from multiple stress
response pathways are important for dehydration survival. Furthermore, since
dehydration survival is a multi-stage process consisting of a drying phase, storage
phase, and recovery phase, it is possible that these different effectors play a role at
different stages of surviving dehydration.
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Another open question concerns whether and how E. coli senses dehydration.
There have been some transcriptomic studies during dehydration in other Gramnegative bacteria, such as Salmonella and Bradyrhizobium (Cytryn et al., 2007; Gruzdev
et al., 2012b; Li et al., 2012; Finn et al., 2013b). However, these samples were taken
several hours after dehydration, during which time it may be unlikely for transcription to
occur if the cells were completely dry. In addition, there was considerable variation in the
transcriptomic results across different studies, most likely due to differences in drying
protocols and time points that were taken, making it difficult to draw general conclusions
from these studies. Since E. coli has many sensor proteins for detecting changes in
diverse environmental conditions, it is plausible that E. coli has evolved regulatory
systems to integrate information from multiple sensors to detect dehydration and activate
downstream effectors to prepare for a period of dehydration. However, the specific
sensory proteins, the signals that they detect, and the mechanism by which an adaptive
response is coordinated are unknown. Future work may include developing assays to
slowly dry E. coli and measure changes in transcription or translation to determine
whether there is an adaptive response to drying.
Similarly, how E. coli recovers upon rehydration also remains an open question.
Studies suggest that damage to proteins, lipids, and DNA may accumulate during a
period of dryness, but there are few, if any, studies on the rehydration process in Gramnegative bacteria. It is possible that bacteria must first repair cellular damage before
resuming growth. Is there an orchestrated temporal process to repair damage upon
rehydration? What are the regulators involved in this process and what is the order of
genes that are transcribed and translated? There are many more questions to answer
before we develop a mechanistic understanding of how E. coli survives this fundamental
stress.
98

Evolution of the polymyxin resistance network in Enterobacteriaceae
Our studies provided new insights into how the polymyxin resistance network is
activated in different closely-related bacteria and showed how connector protein activity
is influenced by environmental stimuli. However, we still have a limited understanding of
what the relevant physiological signals are in different bacterial niches and what
selective pressures shaped the evolution of the polymyxin resistance network in
Enterobacteriaceae. For example, while PmrB is activated by ferric iron, and there is a
putative iron binding motif in the periplasmic domain, it is difficult to ascertain whether
this is the relevant physiological signal for the PmrB/PmrA system (Wosten et al., 2000).
The levels of iron used in this study may be within the range of iron concentrations found
in human serum. However, it is difficult to estimate how much iron is free and capable of
stimulating PmrB, particularly in the context of an infection. In addition, some soils may
contain high concentrations of iron, but we do not know whether Enterobacteriaceae
reside in those niches. Other metal ions have also been shown to activate PmrB, such
as aluminum(III), but it is unclear when bacteria encounter high concentrations of this ion
(Hagiwara et al., 2004). The PmrB/PmrA system is also activated by mild acidity, but the
activation of PmrA has been reported to occur in a Salmonella ΔpmrB strain, suggesting
that PmrB may not be directly sensing low pH, at least in Salmonella (Wosten et al.,
2000). However, the presence of several acid resistance genes in the PmrA regulon
suggests that PmrB likely responds to some signal related to acid stress. Given the
uncertainty of the physiological relevance of the known signals that stimulate PmrB, it is
possible that there are additional signals sensed by PmrB that have yet to be
discovered.
In addition, it is curious that PmrD is only found in a handful of genera within
Enterobacteriaceae, since the PhoQ/PhoP and PmrB/PmrA two-component systems are
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prevalent across many genera in Enterobacteriaceae. Our results and previous work
collectively suggest that PmrD plays an important role as a connector that enables
bacteria to activate expression of LPS modification pathways under conditions in which
there is insufficient stimuli to activate PmrA solely through PmrB, or through the direct
regulation of arnB by PhoP in K. pneumoniae. The absence of pmrD in other
Enterobacteriaceae members suggests that these bacteria are able to protect
themselves against cationic antimicrobial peptides without connecting these two
regulatory systems, although it is also possible that some of these bacteria have a
different connector protein that functions similarly to PmrD. In bacteria without PmrD
homologs, the arnB operon is either regulated by PmrA, PhoP, or both. How do these
network topologies affect activation of the arnB operon and polymyxin resistance? Are
there differences in the activities of the PhoQ, PhoP, PmrB, or PmrA regulators that
compensate for the lack of PmrD? In addition, variation in PmrD connector activity has
been reported among both Salmonella and E. coli isolates (Winfield and Groisman,
2004). It is therefore possible that PmrD connector activity shows similar variation across
different K. pneumoniae isolates. There may also be variation in the strength of the
direct regulation of arnB by PhoP in different K. pneumoniae isolates that would affect
the role of PmrD as a connector. Further exploration of the differences in the crossregulation between PhoQ/PhoP and PmrB/PmrA within individual species may reveal
additional insights into the physiological signals important for PmrD connector activity.
It is also not understood how and which LPS modifications provide protection
against polymyxin and other cationic antimicrobial peptides. Aminoarabinose seems to
be the dominant modification that confers polymyxin resistance, yet constitutive
expression of phosphoethanolamine mediated by plasmids containing the mcr-1 gene
can also confer polymyxin resistance. In addition, the modifications that promote
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polymyxin resistance may vary across different bacteria. For example, E. coli does not
have an ortholog of LpxO, which has been shown to contribute to polymyxin resistance
in K. pneumoniae. Furthermore, in vivo studies in K. pneumoniae have shown that the
pattern of LPS modification depends on the infected tissue, which may suggest that
bacteria are exposed to different cationic antimicrobial peptides in different niches of the
host. These immunological pressures from the host may have in turn shaped which
modifications are used by bacteria. Determining the repertoire of cationic antimicrobial
peptides that different bacteria encounter in their respective niches may help us to better
understand the evolutionary pressures that shaped how the polymyxin resistance
network is activated.
Finally, the fitness costs associated with constitutive expression of LPS
modifications, and how the fitness costs differ across genera, remain poorly understood.
Previous studies have shown that a PhoP-constitutive strain of Salmonella is more
sensitive than the wild-type strain to bile salts and antibiotics in the presence of high
magnesium concentrations, and an E. coli strain with constitutive PmrA activity displayed
increased sensitivity to bile salts (Froelich et al., 2006; Murata et al., 2007). However,
fitness costs associated with inactivation of mgrB in K. pneumoniae have not been
determined (Cannatelli et al., 2015). In collaboration with Jay Zhu, we have recently
found that constitutive expression of LPS modifications in K. pneumoniae through
inactivation of mgrB or the presence of the mcr-1 plasmid confers increased sensitivity to
phage (manuscript submitted). It would also be interesting to test whether a K.
pneumoniae ΔmgrB strain shows increased sensitivity to bile salts compared to a wildtype strain. Identifying these fitness costs could have important clinical implications for
slowing down the rapid spread of polymyxin resistance among multidrug-resistant K.
pneumoniae. The fact that some Enterobacteriaceae constitutively express
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aminoarabinose in their lipid A suggests that the fitness costs associated with
constitutive expression of LPS modifications differs across genera (Olaitan et al.,
2014a).
Concluding remarks
Enterobacteriaceae have evolved capabilities to adapt and survive in remarkably
diverse environments, ranging from the soil and other environments outside hosts to a
variety of animal hosts with differing immune pressures and resident microbiota. How
these bacteria survive the cycle from one host to another and in ex vivo environments is
an interesting biological question, but one that we may never be able to fully answer.
Nevertheless, our studies make a significant contribution to understanding many aspects
of bacterial stress responses and establish the basis for future studies in bacterial
adaptation.
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